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Abstract
After structural fires are extinguished, presuming the structure is not a total loss, structural wood
members can be inspected for residual properties. Through this research, we explored alternative
methods aimed at keeping structurally compromised wood member’s in service when they would
otherwise warrant replacement. For this study, we used 24F-V8 DF/DF glued laminated beams
that had been loaded to their max capacity; both non-fire damaged and fire damaged. In
situations where physical and mechanical changes occur, and the beam warrants individual
replacement, a new restoration procedure could be used to salvage the member. Salvaging the
member could mean to keep it in service on a temporary basis or it could mean on a permanent
basis. It is thought that sufficient capacity can result from using a carbon fiber wrap as an
external reinforcement.
Factors that go into the replacement of structural members includes time, labor, and the potential
to be very costly. It may not be an economical option. The carbon fiber wrap has the potential to
provide a cost effective and non-invasive option in comparison to total member replacement.
The overall goals of this study were to 1) investigate the feasibility of cost effectively restoring a
compromised glued laminated beam, and allow the member to remain in service, 2) explore
vendor recommendations and compare them with measured data, computer simulations, and
hand calculations, 3) quantify the amount of strength and stiffness restored, and qualify a
procedure to do so. With a resilient, easy to apply carbon fiber wrap that adheres well with the
exterior wood fibers, an economical reinforcement method could lead to restoration rather than
replacement of fire damaged and/or compromised structural members.
With the carbon fiber wrap orientation presented in this research, there were many optimistic
results. The results were found by comparing the fire damaged beam results to the test results
from the original, undamaged glued laminated beam. Both were compared along with the carbon
fiber wrapped fire damaged beam test results and the test results associated with the NDS
tabulated design capacity for the glued laminated beam. Through computer modeling, industry
collaboration, and laboratory experimentation, we were able to produce a carbon fiber wrap that
restored the fire damaged glued laminated beam to a point in which it was deemed adequate to
remain in service after warranting replacement.
The results show that the carbon fiber wrap technique could provide enough strength (MOR)
and stiffness (MOE) to restore the fire damaged glued laminated beam to a state in which it
could remain in service. The results provided an optimistic outlook for the potential widespread
accessibility of the cost-effective fire damage restoration technique.

Keywords:
Carbon Fiber, Fire Damage, Glued Laminated Beam, Post-Fire Investigation, Restoration,
Residual Strength, Structural Investigation
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Glossary of Terms
Term

Definition

Bond Strength

The unit load applied in tension, compression, flexure, peel
impact, cleavage, or shear required to break an adhesive
assembly, with failure occurring in or near the plane of the
bond (Laboratory, 2010)

Composite

Made up of several parts or elements (Oxford Dictionaries,
2016)

Concentrated Stress

Stress wholly directed to one thing or one location (Oxford
Dictionaries, 2016)

Cure

To change the properties of an adhesive by chemical reaction
(which may be condensation, polymerization, or
vulcanization) and thereby develop maximum strength.
Generally accomplished by the action of heat or a catalyst,
with or without pressure (Laboratory, 2010)

Delamination

The separation of layers in laminated wood or plywood
because of failure of the adhesive, either within the adhesive
itself or at the interface between the adhesive and the adhered
(Laboratory, 2010)

Diffusivity

A measure of the capability of a substance or energy to be
diffused or to allow something to pass by diffusion (Oxford
Dictionaries, 2016)

Equilibrium Moisture
Content

The moisture content at which wood neither gains nor loses
moisture when sur‑ rounded by air at a given relative
humidity and temperature (Laboratory, 2010)

Fire Endurance

A measure of the time during which a material or assembly
continues to exhibit fire resistance under specified conditions
of test and performance (Laboratory, 2010)

xiii
Fire Resistance

Fire Retardant Treated
Wood

The property of a material or assembly to withstand fire or
give protection from it. As applied to elements of buildings,
it is characterized by the ability to confine a fire or to
continue to perform a given structural function, or both
(Laboratory, 2010)

As specified in building codes, a wood product that has been
treated with chemicals by a pressure process or treated
during the manufacturing process for reducing its flame
spread performance in an ASTM E 84 (American Society for
Testing and Materials, 2015) test conducted for 30 min to
performance levels specified in the codes (Laboratory, 2010)

Glued Laminated
Timber (Glu-lam)

A manufactured structural timber product composed of
layers of dimensional lumber glued together (Laboratory,
2010)

Hardener

A substance or mixture of substances that is part of an
adhesive and is used to promote curing by taking part in the
reaction (Laboratory, 2010)

In-Situ

In the original, or appropriate place (i.e. “in-situation”)
(Oxford Dictionaries, 2016)

Modulus of Elasticity,
MOE

The ratio of the stress applied to a member to the strain that
results in the member in response to it (Laboratory, 2010)

Modulus of Rupture,
MOR

Maximum bending stress a member can experience based on
member cross sectional geometry and applied moment
(Hibbeler, 2014)

Moisture Content

The amount of water contained in the wood, usually
expressed as a percentage of the weight of the oven dried
wood (Laboratory, 2010)

Neutral Axis

A line or plane through a beam or plate connecting points at
which no extension or compression occurs when it is bent
(Hibbeler, 2014)

xiv
Pinned Connection

A support or connection that causes reactions that are
equivalent to a force of unknown direction and magnitude.
They can prevent translation of the free body in all
directions, but they cannot prevent the body from rotation
about the connection. There are typically two reaction forces,
one in the horizontal direction and one in the vertical
direction (Beer, Johnston, Jr., & Eisenberg, 2007)

Proportional Limit

The maximum strain to which a body or material can be
subjected before the strain ceases to be proportional to the
stress (Oxford Dictionaries, 2016)

Pyrolysis Zone

Zone of elevated temperature where some residual load
capacity remains; also referred to as the zone of elevated
temperatures

Residual Strength

Strength remaining after the majority of the original strength
is depleted and gone (Oxford Dictionaries, 2016)

Retro-Fit

To add a component or accessory to something that did not
have it when manufactured or build (Oxford Dictionaries,
2016)

Roller Connection

A support or connection that causes reactions equivalent to a
force with a known line of action. They can prevent
movement in only one direction, typically the vertical
direction (Beer, Johnston, Jr., & Eisenberg, 2007)

Simply Supported
Beam

Statically determinate beam with a span length equal to L,
and two supports separated by a distance equal to L. The two
supports include one pinned connection and one roller
connection (Beer, Johnston, Jr., & Eisenberg, 2007)

Superstructure

The part of a building above its foundations (Oxford
Dictionaries, 2016)

Yield Stress

The value of stress at a yield point or a yield strength
(Oxford Dictionaries, 2016)
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1. Industry Background
1.1.

Civil Engineering

In general, civil engineering is another term for problem solving. The field of civil
engineering deals with topics varying from rainwater runoff containment to the design and
construction of high rise buildings. Civil engineering is broken down into five main areas of
focus:
•

structural (includes the design and analysis of vertical structures such as buildings
and bridges)

•

geotechnical (includes subsurface structures such as foundations, retaining walls,
and tunnels)

•

construction (includes the process and logistics of constructing subsurface and
vertical structures, day-to-day project management, and project cost
minimization)

•

transportation (includes roadway design, roadway efficiency, and city planning)

•

water resources (includes dam design, rainwater runoff collection and flood
prevention)

The subcategories within the civil engineering field overlap quite often. Collaboration is the best
way to produce an efficient design and problem solution.
The main goal of civil engineering is to provide a safe solution to a societal problem. The
products of a civil engineer are structures and assemblies that are incorporated in everyday life.
A large number of the innovative advancements made in the field are overlooked by the public
majority. Those same advancements are utilized and enjoyed by the public on an everyday basis.
Public safety is the number one responsibility of a civil engineer. Above all, whatever is
designed and implemented for public use must be guaranteed safe, with the smallest possibility
of failure. Public safety cannot be compromised.

2
Problem solving requires the civil engineer to balance public safety with project costs,
and deliver the desired product in a timely fashion. The profession of civil engineering has been
around since the time of the Egyptians and the pyramids (James, 2014), although it was not
specifically termed “civil engineering”. Throughout its history, the profession has increased the
possibilities of what can be constructed for the betterment of society. With an ever-increasing set
of codes and standards to follow in design, the industry has been able to expand and provide the
public with aesthetically pleasing and efficient structures, all while providing the greatest sense
of safety possible.
1.1.1. Structural Engineering
Structural engineering incorporates the design and analysis of various structures. Every
building and bridge is required to be designed by a structural engineer (or group of structural
engineers). To guarantee the public’s safety, the structural engineer must follow the applicable
design codes. The engineer must ensure that all structural components provide enough strength,
and perform adequately under the design load combinations the structure is exposed to in
service. Structural engineers work on new designs and new projects, but they also work on
existing structures that have been subject to deterioration, structures that require a retro-fit, and
structural additions for other reasons as well.
There are governing bodies that justify the processes used by structural engineers. These
entities (i.e. American Concrete Institute, American Institute of Steel Construction, American
Society of Civil Engineers, International Building Code, National Design Specification) go
through rigorous testing procedures to create rules and standards that practicing structural
engineers follow in order to complete their designs and analyses. There are manuals and code
books that are updated every few years that incorporate the newest advancements in the field.
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Engineers of today are expected to incorporate them into their analysis and design processes, and
stay relevant with all updates. In this way, the structural field can uphold the public’s safety.
The codes and standards are broken up by material. The American Concrete Institute
(ACI) publishes all the relevant codes pertaining to concrete, and the design of concrete
structures. The American Institute of Steel Construction (AISC) is the governing body that
produces the steel design manuals and reference codes. Both the ACI code book and the AISC
manual are updated regularly. For wood analysis and design, the National Design Specification
for Wood Construction (NDS) is the governing manual that many design engineers incorporate
into their wood design process. It is updated on a 3-to-5-year cycle. The different design manuals
and code books are required because the materials themselves behave so differently. Wood is
highly variable, and requires many considerations for design. Specifications for wood design and
analysis would not be applicable to metal design or reinforced concrete design. Stress
concentration, material strength, and loading effects are dependent on the material of choice.
1.1.1.1.

National Design Specification for Wood Construction

Wood is naturally occurring and inherently variable. The NDS accounts for this and
many characteristics such as size, shape, intended use, and grade. The species of wood is
extremely important to the engineering properties. Wood species groups are split up by
hardwoods and softwoods. Hardwoods refer to broad-leafed deciduous trees, while softwoods
refer to needle-like leaved trees known as conifers. Softwoods are generally used in structural
applications over hardwoods because they can be a denser wood, and generally poses better
properties (Breyer, Cobeen, Fridley, & Pollock, 2015). Availability is of concern, and can dictate
whether softwoods or hardwoods are used.
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The NDS lists groups of similar commercial species instead of individual species
(Breyer, Cobeen, Fridley, & Pollock, 2015). For simplicity, this is the best way to organize and
list the available wood types. Each species group has the same grading categories in which it is
further divided. Due to the variability of wood, the grading is such that for a glued laminated
(glu-lam) grade, 95% of members perform at or above the tabulated stresses provided in the NDS
used in analysis and design procedures. The grading categories go from high grade select
structural to lower grade utility.
Some of the commonly used tabulated stresses found in the NDS are the bending stress of
the wood (Fb), the tensile stress parallel to grain (Ft), the shear stress (Fv), the compression stress
parallel to grain (Fc), the compression stress perpendicular to grain (Fc┴), and the modulus of
elasticity (E or MOE). Tabulated values are presented in English units. Since the design standard
is a national design standard, it is neither incorporated nor referenced in international design
standards. The tabulated values can be converted into SI units and used if necessary. These
various properties are listed for each grading category of each wood species group. Values for
sawn lumber, glued laminated members, and timber and poles are all included in the NDS. There
is a plethora of information contained in the NDS, and it is the necessary manual to have when
designing with wood.
The property values included in the NDS are an accumulation of both clear wood tests
and full-size lumber in-grade test results (Breyer, Cobeen, Fridley, & Pollock, 2015). Clear wood
tests consist of wood members that are free from knots, splits, and other fiber deficiencies.
Numerous tests have been performed and their results are reflected in the NDS. The data from
the standardized wood tests have been combined and averaged, but because of the variability of
wood there are variances in the actual strength from one wood member to another. Wood

5
products have an average factor of safety on the order of 2.5, meaning there is a range of 1.25 to
5 times greater than the tabulated values in which the members capacity may be (Breyer,
Cobeen, Fridley, & Pollock, 2015). The value of 2.5 is commonly used in wood design. The
factor of safety is what structural engineers use to guarantee their designs are in compliance with
the codes, and how they guarantee their designs are safe. The factor of safety for a given member
is found by using Equation 1.
Equation 1: Factor of Safety

F.S. =

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

(1)

[Sample Calculation for Carbon Fiber Wrapped Fire Damaged Beam:
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
4370 𝑝𝑝𝑝𝑝𝑝𝑝
F.S. =
=
= 2.8]
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

1558 𝑝𝑝𝑝𝑝𝑝𝑝

Depending on the wood, the available strength capacity increases or decreases from the NDS
tabulated value for that grade and species. With the factor of safety included in calculations, the
engineer can be confident that the structure will perform adequately and the applied loads seen in
service will result in a lower maximum stress than the design stress used in calculations.
1.1.1.1.1.

Wood Design Factors

Wood can hold substantially greater maximum loads for shorter durations than for longer
durations. The allowable stresses given in the NDS have been adjusted to reflect the effect of 10
continuous, or cumulative years of full design load application, and is termed the normal
duration of load (Schaffer E. , 1984). There is also a load duration factor (CD) that can be applied
to the tabulated NDS values during design that accounts for the in-service applied load duration.
There are additional load factors that are applied to the tabulated wood strength values
that are meant to further adjust the design strength of wood for various service applications.
There is a wet service factor (CM) that accounts for the wood member being placed in service
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with a high moisture content versus a low moisture content. There are also factors for both
temperature and member size. In total, working with ASD, there are 11 design factors. There are
different factors when designing with LRFD. Figure 1 shows all the design factors as well as
which combination of factors are used to find which tabulated property value.

Figure 1: NDS Wood Design Factors (Coucil, 2015)

To calculate the design capacity, the tabulated value for the specific species and grade of wood
member is multiplied by the corresponding factors for the parameter being solved for. The
design member value (noted with a prime (‘) symbol) for the parameter being solved for only
accounts for the associated factors shown in Figure 1.
Figure 1 shows all 11 design factors when using ASD for calculations, and 13 design
factors when using LRFD for calculations. Different factors are used to adjust different tabulated
stresses. The pertinent factors must be applied based on the member being designed, and the in-
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service load application of the member. The tabulated stresses shown on the left-hand side of
Figure 1 are defined in Table I.
Table I: Tabulated Stresses

Tabulated Stress Symbol

Description

Fb

Bending Stress

Ft

Tensile Stress

Fv

Shear Stress

F//

Compression Parallel to Grain Stress

Fc┴

Compression Perpendicular to Grain Stress

E and Emin

Modulus of Elasticity

Table I shows the tabulated values given in the NDS and the associated symbols used to describe
them. When trying to solve for the design strength level, the tabulated values given in Table I are
looked-up for the given species and grade of the member in question.
1.1.1.1.2.

Grading of Structural Lumber

The grade of the wood member can influence its residual strength. The grade of a wood
member is found from the outer fibers of the member. The exterior of the member needs to be in
an in-service state to be able to accurately grade the member. Often, regrading is required after
the original grading is performed. Typically, any removal or degradation of wood fibers of a
structural wood member requires regrading and analysis to determine the residual load capacity
(Ross, Brashaw, Wang, White, & Pellerin, 2005). The type of degradation that typically warrants
regrading includes fire damage, but is not limited to just that form. Fire damage is based on the
size of the member’s virgin wood fibers (not damaged) and the locations of variants (such as
knots) (Kukay, White, & Woeste, 2012).

8
Wood species and the grade of the wood greatly impact the visual stress-rating given by a
grading professional. Wood can also be machine stress rated. When regrading of a fire damaged
beam is required, the char layer and an additional percentage of the char depth must be removed
from the damaged beam (usually via sanding) so the grade can be determined (Kukay, White, &
Woeste, 2012). Grade determination must be done by a supervisory grading agency. Once the
grade is obtained, a registered design professional can use it, along with the species of wood, and
the measured residual cross-section of the beam to perform a structural analysis on the wood
beam. The analysis would determine if it could be repaired and remain in service, or if it required
replacement.
1.1.1.2.

Structural Investigation

Deterioration of a structure is inevitable. Not all deterioration results in total replacement,
or an inability to provide the required strength. Structural investigations are required when a
structure is subjected to some type of change, whether that be environmentally caused or due to
some alternative reason. One of the jobs of a structural engineer is to investigate and decide
what, if any, corrective action(s) is required to ensure the structure serviceable, safe, and
adequate for public use. There are provisions in place that a structural engineer incorporates to
make such decisions and field judgements. An engineer’s judgement is continuously evolving
with each new project and solution.
Wood degradation can be caused by many different factors. Water damage, fire damage,
wind damage, and overloading can all be causes for reduced capacity, up to and exceeding
failure. At Montana Tech, in the General Engineering-Civil department, fire damage has been a
topic of research and discussion. Specifically, how to assess fire damaged structural glued
laminated (glu-lam) members. Fire is a worldwide danger, and every building that is designed
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must meet fire protection requirements. A common fire protection requirement is the building,
and its members, must have a certain hour rating. For example, a one-hour rating means a
member can support its full load without failure for at least one hour after a fire starts
(Construction, 2007). If a building or structure does not meet the fire resistance requirements,
building permits are not issued and/or signed, and the building is deemed not available for use.
There are various ways to meet fire code requirements. One way is to use fire-retardant
treated wood (Breyer, Cobeen, Fridley, & Pollock, 2015). The wood is chemically treated to
resist fire damage. Many fire retardants work by reducing the volatiles available for flaming
combustion (White & Dietenberger, Fire Safety of Wood Construction). Where there is a
reduction in the available fuels for a fire, the duration and temperature of the fire will both
decrease. The retardant chemicals can also provide some resistance to decay, so the treatment
can benefit the overall health of a wood building or structure. The tabulated NDS values take
into account the use of fire-retardant preservatives, and can be used in design and analysis.
Where fire endurance is required, members must be protected from fire exposure by other
non-structural wood members, fire-rated gypsum board, or any coating approved for the required
endurance time (Douglas, 2004). If chemical treatment is not available, a barrier between the
structural wood members and the flames can provide fire protection. In a post fire inspection,
gypsum board and other fire protection barriers should be inspected because there is potential for
concentrated fire exposure on the structural member(s) due to the continual burning and elevated
temperatures created by the barrier members themselves.
Assessment of fire damaged wood members includes visual inspection of damaged
members, visual inspection of connections, and visual inspection of any protective members (i.e.
insulation and gypsum board) (White & Kukay, Post-Fire Assessment of Structural Wood
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Members, 2014). Gypsum board is a barrier and an insulator for protection against fire. Figure 2
shows how gypsum board is attached to wall studs, and how it forms a protective barrier around
the wood member.

Figure 2: Gypsum Board with Wall Studs (Using Gypsum Board for Wall and Ceilings , 2012-2016)

Shown in Figure 2 is a typical set up of a light frame wood wall, with studs as the framing
members and a layer of gypsum board attached. The gypsum board is attached to the studs at
specific distances. The same concept can be used for timber and glued laminated construction.
In this research, we investigated the post-fire assessment side of a fire event versus the
fire resistance side of a fire event. The restoration technique looked at in this research is meant to
be a post fire remedy, not a way to increase the members fire resistance. In the event of a
structural fire, where the members have already been wrapped with the external carbon fiber
wrap proposed in this research, the member would have to meet the fire rating that the rest of the
structure was designed to.
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1.1.1.3.

Fire Damage and The Resistive Capacity of Wood

Dimensional lumber can be susceptible to a faster char rate than timber. Timber is a code
defined term that is dependent on minimum nominal cross-sectional dimensions. To meet the
requirements of a timber, limitations are placed on the minimum size, including the depth and
the thickness of all load-carrying wood members (Construction, 2007). Members that are 5” X 5”
and greater can qualify as timbers. The benefits of using timber in construction include very
good fire resistive properties and reduced design requirements. The larger the wood member, the
better the fire resistive characteristics. When subjected to increased temperatures, around 300˚C,
large wood members will form a protective layer of char around the outer fibers, preserving the
interior fibers (White & Kukay, Post-Fire Assessment of Structural Wood Members, 2014).
There is more wood for the temperature to penetrate, leaving more undamaged wood at the core
to keep residual strength (Yang, Wang, Tsai, & Lin, Temperature Distribution Within Glued
Laminated Timber During a Standard Fire Exposure Test, 2009). This allows the larger wood
members to support loads after being subjected to elevated temperatures better than dimensional,
light frame lumber.
When wood is exposed to fire, or an elevated heat source, different layers/zones evolve in
the wood cross-section. There is an outer char layer, a pyrolysis zone of elevated temperatures,
and an unaffected interior whose core temperature is unaffected (White & Kukay, Post-Fire
Assessment of Structural Wood Members, 2014). The fibers located within the pyrolysis zone
have been affected by the elevated temperatures, but still hold some residual capacity. It could be
possible to retain around 80% residual load capacity in the pyrolysis zone after fire exposure
(Kukay, White, & Woeste, 2012). The percentage of retained capacity depends on the
temperature, the exposure duration, and the existence of any protective barriers.
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Figure 3 shows the thermal propagation through a wood member. The outer fibers
described by char are fibers directly exposed to the flames that occur in a fire event.

Figure 3: Thermal Propagation Through a Wood Member (Laboratory, 2010)

In Figure 3, the char layer and the pyrolysis zones are both shown with respect to the inner core
of the member that is undamaged by increased temperatures. The char layer has no residual
strength, but as it increases in size the wood gains more of a barrier to the fire. The pyrolysis
zone can act as an increasing barrier for the good, undamaged wood fibers as well. As both char
layer and pyrolysis zones increase in size, the distance from the flames to the inner core of the
wood member increases (Schmid, Klippel, Just, & Frangi, 2014) . With the increased fire
protection from the increased char and pyrolysis zones, the char rate of the wood decreases and
the depth of thermal degradation ceases to increase.
Glued laminated members, which are the focus of this research, behave differently than
regular sawn lumber or timbers. It is well known that both the laminations and the finger-joint
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quality are the key factors controlling glued laminated beam strength (Schaffer, Marx, Bender, &
Woeste, 1986). The glued laminated beam, being constructed of multiple smaller members
(laminations) bonded together, creates a scenario that is unlike a single material solid crosssection. The variation between laminations within a glued laminated beam can be seen by the
end view of one of the beams used in this research; this is shown in Figure 4.

Figure 4: Glued Laminated Beam End

Each different wood fiber orientation shown in Figure 4 represents a different lamination. In
total, there are eight laminations that make up the glued laminated beams used in this research.
There are seven bond lines in total keeping the laminations together as one composite member.
Each lamination is nominally 1.25 inches in depth.
Fire-resistance ratings for glu-lam beams require lay-up modifications (Construction,
2007). The lay-up of a glu-lam beam refers to the order of the different laminations that make up
the glu-lam. The orientation of the laminations plays a major role in how the glu-lam reacts to
increased temperatures. They need to be designed so that they have protective properties, as well
as provide adequate strength for in-service loads.
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Since a glu-lam is not one composite member all the way through, the protective char
layer forms differently. Instead of forming around the entire cross-section like char usually does,
the char begins to follow the individual laminations and glue lines. This forms uneven char
depths at the lamination glue lines, which in turn further hinders the beam’s ability to act as a
solid member.
During fire exposure, the top laminae of a glu-lam member experiences a higher
temperature than the bottom laminae (assuming the fire originates below the member; i.e. ceiling
component). The outer most tension fibers at the bottom face of the member are critical for a glulam that is subjected to flexural loading. When the high strength laminae are damaged and their
individual strength is lost, lower retention rates of the modulus of rupture (MOR) and modulus of
elasticity (MOE) occur (Yang, Wang, Tsai, Lin, & Chuang, Effect of Fire Exposure on the
Mechanical Properties of Glued Laminated Timber, 2009). The top laminae of a glu-lam
experiences more thermally induced damages because of heat accumulation during the fire
exposure (Yang, Wang, Tsai, & Lin, Temperature Distribution Within Glued Laminated Timber
During a Standard Fire Exposure Test, 2009). Heat accumulation is a beneficial phenomenon for
a flexural glu-lam member because it helps postpone the degradation of the tensile face of the
beam.
For the fire damaged glu-lam member tested in this research, the fire damage was caused
by dictated fire exposure. Typically, wood members go through fire exposure per ASMT E119
(American Society for Testing and Materials, 2010) to gain knowledge about the member’s fire
resistance and fire rating. For the glued laminated beams used in this research, the fire exposure
procedure varied slightly in an effort to create a reduced, more gradual thermal gradient within
the wood. The purpose of the fire damage, originally, was to evaluate the ability to determine the
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loss in strength of the residual cross-section post fire event (Kukay B. , White, Todd, & Jahn,
2013). Because of this, it made sense for the experiment to revise the ASTM standard and clearly
explain the new procedure used. For the fire damage, the beams were subjected to a relatively
low fire exposure for a period of three hours. Thermal couples were inserted into the member at
various depths towards the inner core. Figure 5 shows the distribution of elevated temperatures
as they relate to the depth within the fire damaged glued laminated beam.

Figure 5: Temperature Distribution Versus Time at Various Beam Depths (Kukay B. , White, Todd, & Jahn,
2013)

In Figure 5, the temperature in degrees Celsius is represented on the y-axis and the fire exposure
duration, in units of minutes, is shown on the x-axis. The graph lines represent the thermal
couple temperature readings at various depths inside the glu-lam with respect to time. Since it is
known that thermal degradation begins to occur around 200˚C -300˚C (White & Dietenberger,
Fire Safety of Wood Construction), the depth at which the beam experienced a detrimental
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elevated temperature can be read from Figure 5. Degradation caused by the elevated
temperatures was exhibited in the fire damaged beam at depths of 0.5 inches to 0.75 inches.
In one study, it was shown that if a glu-lam bending member is damaged during a fire,
and the outermost tension lamination is destroyed, the allowable bending stress for the remaining
cross section must incorporate a reduction of an additional 25% beyond the base of the char layer
(White & Kukay, Post-Fire Assessment of Structural Wood Members, 2014). The findings
presented in that study are specific to species and grade, and are not universal values. Even
though the results were specific to species and grade, they give an inside look at the amount of
damage induced within the wood due to fire damage, and the capacity needed to be restored with
the addition of a carbon fiber reinforcement wrap.
Even with the fire resistance procedures in place, resistance aid cannot fully protect a
member subjected to fire. Depending on the efficiency of the fire protection, limited damage to
the integral members within a structure can promote the safe evacuation of occupancy, and
benefit restoration versus total member replacement. Once the fire is contained and the structure
is not deemed a total loss, restoration can be a great option.
Member strength is not the only factor when it comes to restoration versus replacement.
If project costs are considered, there are many reasons for trying to improve the restoration
abilities of today’s industry. Time and labor costs associated with total replacement fluctuate
regularly, while restoring a member does not always follow that trend. Aesthetics of the structure
and odors caused by the fire damaged member are also factors to consider when choosing
between restoration and replacement. Some fire residues (i.e. smoke, odor) can be removed with
the application of standard restoration procedures. In other situations, the chemical bonding
properties of the residues, in conjunction with the impacted surface, create irreversible bonding

17
(U.S. National Institute of Disaster Restoration, 2002). If this occurs in the wood fibers beneath
the charred wood fibers, the removal of the residue affected wood fibers is at the owner’s
discretion.
If the investigating structural engineer decides the member(s) in question can be restored,
there are cost effective techniques to do so. These techniques depend on the severity of the
damage. Restoration is decided on a project-by-project basis. If all the project factors are right,
there are actions that can be taken to keep the damaged structural member in service.
1.1.2. Fire Damage Assessment
There are multiple techniques used to assess the condition of fire damaged wood
members. In the manual Evaluating Fire-Damaged Components of Historic Covered Bridges,
Kukay, et al (2016) present various techniques to test the residual strength of fire damaged
structural wood members. Investigations start by obtaining an understanding of the fire itself.
The source of the fire, the fire duration, and the path of travel taken by the fire are all factors that
can be very beneficial when trying to understand the extent of damage seen by a wood member.
Once the fire is understood, conducting a visual inspection on the member can be very
useful. In the article, Post-Fire Analysis of Solid Heavy Timer Beams (2013), Woeste and White
present steps for a post-fire structural investigation. The first step presented is to complete a
feasibility study to see if the beam’s residual cross-section is large enough that restoration is
worth considering. By using the tabulated stress values listed in the NDS and estimating the
residual cross-section of the member, an estimate of the beam’s residual capacity can be
calculated. Estimating the residual cross-section must consider the fire exposure duration
including the cool down time of the member, and the type of fire exposure experienced by the
member.
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The second step presented by Woeste and White is to complete preliminary investigations
on the wood members. Actual char depths need to be obtained, and residual cross-sectional
dimensions measured. The residual cross-section can be calculated and the pyrolysis zone can be
accounted for. Because the pyrolysis zone does provide some strength, it is beneficial to keep the
fibers intact with the member. For calculation purposes, the pyrolysis zone is not considered. By
doing this, there is a built-in conservative buffer due to the provided strength in the pyrolysis
zone. It cannot be considered in calculations because of the uncertainty associated with the
retained strength of the fibers. The cross-sectional reduction for calculations can be performed by
reducing the residual cross-section by an additional 20% of the char depth (White & Woeste,
Post-Fire Analysis of Solid-Sawn Heavy Timber Beams, 2013). The actual reduction percentage
could be adjusted depending on the species, grade, and size of the member.
The third step is to document the member’s cross-sectional size post reductions, the
member’s species, and its grade. Once the member is in a state that is acceptable for in-service
implementation, the member needs to be regraded and documented. Since members are graded
based on their exterior fibers, it is important to denote what the new exterior fibers consist of (i.e.
knots). With these steps completed, the engineer of record can make an informed and educated
decision about the member(s), and if restoration is a feasible choice.
By seeing first-hand, the degree of thermally caused degradation, it can be concluded if
the member can be restored or if total replacement is eminent. The intent of an immediate
investigation is to gain a better idea of the intensity and duration of the fire exposure to the wood
members during and after the fire (Ross, Brashaw, Wang, White, & Pellerin, 2005). Discovering
the amount of char and the extent to which the member’s cross-section is decreased are the first
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steps in trying to estimate the residual capacity of the damaged members. Because of the
variability of fire, seeing the damage first hand is imperative to assess the damage.
Another reason for an immediate, first-hand investigation is to discover if water damage
due to fire suppression efforts exists. If so, it must be dealt with immediately. The water damage
can have irreversible effects on the wood members, and worsens with time (U.S. National
Institute of Disaster Restoration, 2002). In addition to the assessment challenges posed by the
variability of the fire, the variability of the wood members themselves incorporate difficulty in
trying to understand how the elevated temperatures affect the wood. It is important to note that
no uniformity exists in the ways materials respond to heat damage (U.S. National Institute of
Disaster Restoration, 2002); another reason each fire event needs to be taken as a new, individual
event. Members will react to the increased temperature differently. An all-encompassing
technique, if available, might not work for every situation.
One of the goals of the post-fire assessment is to gain an understanding of the fire
endurance of the wood member. Fire endurance is associated with fire resistance, and they are
associated with the pre-fire understanding of the wood member. This research is focused on the
residual capacity of a wood member post-fire event. Including analysis from both sides of the
fire event completes the full range of calculations. Fire endurance is defined as a measure of the
elapsed time during which a material or assembly continues to exhibit fire resistance under
specified conditions of test and performance (Schaffer E. , 1984). The variability in fire
endurance is influenced by the variability of the properties of members (i.e. charring rate,
strength, and stiffness), the variability of anticipated applied loads both during the fire and after
the fire, and the variability in fire severity (Schaffer E. , 1984). Some knowledge about the fire
endurance of the exposed wood member can be found through historical analysis if available.
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Knowing when the member was placed in service, its initial and equilibrium moisture
contents, and the pressure preservatives the wood was treated with (if any) before it was
implemented into service would all help lead to an accurate assessment of the fire endurance of
the member. What an accurate assessment of the member’s fire endurance provides is an insight
into the expected effects of the elevated temperature exposure. The expected effects consist of
varying char depths where there is no residual strength, and the depth of the pyrolysis zone. The
more the temperature can penetrate the wood fibers, increasing both the char depth and the
pyrolysis zone, the more overall damaged that occurs. Knowing the fire endurance can benefit
the calculation of the residual cross-section, and be aide to calculating the residual strength of the
wood member.
After a fire event, there are immediate concerns that need to be taken care of. After total
extinguishment of the fire, locating areas of major damage, locating any failed members, and the
residual capacity of individual members need to be assessed. Wood maintains residual capacity
even after fire damage. Damaged members can still possess a strong inner core, and members
that have only visual smoke damage or slight browning of the surface can have significant
residual capacity (Ross, Brashaw, Wang, White, & Pellerin, 2005). The char layer seen on the
exterior of the member, which is easily removed, does not hold any residual strength. From the
base of the char layer inwards the member does exhibit strength capacity.
The variability of the pyrolysis zone is an important factor in dimensional cross-sections,
but can be a difficult factor to assess. The thickness of the zone of elevated temperatures
decreases for increased fire exposure severity (Ross, Brashaw, Wang, White, & Pellerin, 2005).
As the core temperature of the wood member increases, the faster the charring rate increases
(Yang, Wang, Tsai, & Lin, The Charring Depth and Charring Rate of Glued Laminated Timber
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After a Standart Fire Exposure Test, 2009). With the increased fire exposure severity, the
elevated temperatures result in more charring and a greater penetration rate of elevated
temperatures (~300˚C and greater), resulting in less fibers present in the pyrolysis zone and inner
member fibers. Hence, a lower residual capacity.
With an increase of the char layer, acting to insulate the remaining cross-section, the
residual cross-section based on the dimensions of the base of the char layer decreases. There are
varying methodologies when it comes to calculating the residual capacity of a reduced crosssection. In calculating the residual load capacity of a member after a fire, the reduced crosssection is multiplied by the allowable stresses as in normal allowable stress design. (Ross,
Brashaw, Wang, White, & Pellerin, 2005). There are varying ideas about how to assess the
residual cross-section, and how much capacity should be assigned to the residual wood fibers. It
should be noted that it is common practice to keep as much of the residual wood fiber as
possible.
One method to predicting the residual cross section is to remove the char layer plus an
additional percentage (~20% deemed acceptable for southern pine timber 12x16 in size) of the
char layer depth. The remaining wood would then be considered full strength at that reduced
cross section. Additional depth may have to be removed for aesthetic reasons (White & Woeste,
Post-Fire Analysis of Solid-Sawn Heavy Timber Beams, 2013) (Ross, Brashaw, Wang, White, &
Pellerin, 2005) . The calculated value represents an estimation based on the total char depth with
consideration of the detrimental effects of the pyrolysis zone.
Another method of calculating the reduced cross section is to use the char rate of the
wood member and multiply it by the fire exposure time. The charring rate of the wood is the
most important property of wood with respect to fire resistance and fire integrity (Yang, Wang,
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Tsai, & Lin, The Charring Depth and Charring Rate of Glued Laminated Timber After a Standart
Fire Exposure Test, 2009). By knowing how well the member resists the elevated temperatures
of a fire, an inspecting engineer can estimate the amount of degradation and the residual crosssection. The residual cross-section is used for restoration analyses (Schmid, Klippel, Just, &
Frangi, 2014) . For glued laminated timber of Doug-Fir species, the species used in this research,
an average char rate of 0.023-0.025 in/min (Schaffer, Marx, Bender, & Woeste, 1986) (Lau,
White, & Van Zeeland, 1999). The charring behavior of wood can either be characterized by the
rate of mass-loss (g/s) or by the rate of advance of the char front along a certain axis or
dimension of the member.
A third method used by investigators to find the residual properties of a fire damaged
wood member is to reduce the cross section as well as reduce the tabulated allowable stress of
that member (Douglas, 2004) (White & Woeste, Post-Fire Analysis of Solid-Sawn Heavy
Timber Beams, 2013) . Douglas (2004) concluded that an estimate of the ultimate strength and
stiffness of various woods, at temperatures that uncharred wood normally reach during a fire
(< 300˚C), reduces to about .85-.90 of the original strength and stiffness. That estimate coincides
with what White and Woeste (2013) suggested. The estimate White and Woeste presented was a
reduction in the tabulated allowable stress of the member of 10%.
The process starts with the removal of the char layer to expose the true residual crosssection. The char needs to be removed so that the fibers not contributing to the strength of the
member no longer exist. The fibers located in the pyrolysis zone need to remain in tack since
they are contributing to the overall beam capacity. This can be difficult because the two zones
blend in to one another. There is not a definitive line that separates the two zones, so the inside
boundary of the pyrolysis zone can be difficult to locate. The residual cross-section of a wood
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member is not based on the char depth, but rather the actual cross-section of the member once
the char is removed. It is important to remember that the char layer exhibits shrinkage. The
shrinkage results in fissures in the char layer, and leads to the thickness of the residual char layer
being less than the depth of charring (Ross, Brashaw, Wang, White, & Pellerin, 2005).
For the fire damaged glued laminated beam used in this research, the state of the beam at
the beginning of the research was acceptable for in-service use. The char from the fire tests
performed on the beam had been removed for previous testing (Kukay B. , White, Todd, & Jahn,
2013). Table II shows the original fire damaged beam dimensions, the reduced dimensions found
after the char was removed, and the average char depth seen by the beam.
Table II: Fire Damaged Beam Pre-and Post-Fire Event Dimensions

Original
Dimensions, in.
Width,
b
5.13

Depth,
d
11.75

Reduced
Dimensions, in.
Width,
b
4.63

Depth,
d
11.00

Overall Area
Reduction,
in2

0.35

Char
Depth,
in

0.63

20% of
Char
Depth, in

0.17

Cross-Section for
Calculations, in.
Width,
b
4.46

Depth, d
10.83

Shown in Table II is the char depth calculated using the original cross-sectional dimensions and
the reduced cross-sectional dimensions. The reduced dimensions incorporate the pyrolysis zone,
so when solving for the estimated residual strength of the fire damaged beam there needed to be
an additional reduction. Following the recommendations set forth by previous research projects,
an additional 20% of the char depth was included in the cross-sectional reduction used for
calculations (White & Woeste, Post-Fire Analysis of Solid-Sawn Heavy Timber Beams, 2013)
(Ross, Brashaw, Wang, White, & Pellerin, 2005). The 20% of the char depth presented by White
and Woeste was for southern pine timber, nominally 12x16 in. in cross-sectional size. Because
this research worked with DF/DF glued laminated beams, the actual percentage varied from
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20%. For an example calculation, and to gain an idea of the theoretical pyrolysis zone depth, the
20% was used and presented in Table II (Kukay, White, & Woeste, 2012).
To consider a wood member fully restored post-fire event, it needs to be able to withstand
the in-service loading that a similar member placed in the same situation would be required to
withstand. If the member is able provide enough strength to resist the in-service loading and
stiffness to meet the deflection criteria, it could be considered restored.
Residual fire odors will be present. They can be dealt with by application of external
sealers that help contain the odors. The issue of odor precedes the application of aesthetic
sealers, paints, and/or other finishes (White & Kukay, Post-Fire Assessment of Structural Wood
Members, 2014). If the member is behind a wall or hidden behind non-structural members, the
issue could be avoided.
1.1.2.1.

Thermal Degradation of Wood

Thermal degradation depends on both the interior temperature of the wood member and
the extent of exposure of the fire. At temperatures below 100˚C, the immediate effects of
increased temperature on wood properties are reversible (Ross, Brashaw, Wang, White, &
Pellerin, 2005). Extended exposure to temperatures above 66˚C can result in negative effects, but
if the exposure is for a brief period, the properties of the wood can return to their original state
(White & Kukay, Post-Fire Assessment of Structural Wood Members, 2014). The base char layer
is associated with a temperature around ~300˚C (Ross, Brashaw, Wang, White, & Pellerin,
2005). The extent of fire exposure is a factor that needs to be taken into consideration when
dealing with post-fire damage assessment.
It is important for the inspecting engineer, in the aftermath of a fire event, to have a
thorough understanding of the fire exposure and fire duration; both the elevated temperature
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exposure during the post-flashover fire and the cooling period of the member (Kukay, White, &
Woeste, 2012) (White & Kukay, Post-Fire Assessment of Structural Wood Members, 2014). The
engineer should make it a point to find the elevated temperatures reached, where the ignition
points were located, and the volatiles located in the surrounding area of the fire (Ross, Brashaw,
Wang, White, & Pellerin, 2005) (Yang, Wang, Tsai, & Lin, The Charring Depth and Charring
Rate of Glued Laminated Timber After a Standart Fire Exposure Test, 2009) (Lau, White, & Van
Zeeland, 1999) (White & Dietenberger, Fire Safety of Wood Construction) (Schaffer E. , 1984).
These points of inspection lead to a more well-rounded view of the fire and the potential for
damage.
Total time of fire exposure includes both the fire and the post-fire period of elevated
temperatures (White & Woeste, Post-Fire Analysis of Solid-Sawn Heavy Timber Beams, 2013).
The elevated temperature has major implications on the wood’s residual properties; how long the
member is exposed to those temperatures, and the location of exposure both have major
influence on residual properties. Thermal penetration depth increases with increasing fire
duration (Yang, Wang, Tsai, & Lin, Temperature Distribution Within Glued Laminated Timber
During a Standard Fire Exposure Test, 2009).
The protective char layer that forms on the exterior of the wood member helps prevent
further heat penetration, but the benefits are limited. The wood fibers on the interior of the
member can eventually be subjected to elevated temperatures, posing the possibility of a
reduction in capacity. The level at which the heat can reach the internal fibers is a variable
depending on both the rate of char layer growth, how much the char layer deters the heat
penetration, and the fire exposure of the member (Ross, Brashaw, Wang, White, & Pellerin,
2005). These can have an impact of the overall residual member strength.
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The difference in thermal limits reached throughout the cross-section of the member,
between the outer most fibers and the inner core, induces a thermal gradient in the wood. The
thermal gradient within the wood member refers to the temperature of the wood from the outer
most fibers to the interior core of the member. Resulting from the thermal gradient are internal
stresses, which can lead to cracking or fracturing (U.S. National Institute of Disaster Restoration,
2002). The thermal gradient seen within fire exposed wood members is caused by the low
thermal diffusivity of wood. The steep gradient generates movement of moisture within the wood
section (Schaffer E. , 1984). Moisture movement adds to the negative effects of creep deflection,
which reduces the chances of meeting the deflection criteria.
Exposure temperatures govern cracking behavior. Temperatures below ~400˚C tend not
to produce significant cracks beyond that induced by the onset of charring, which is caused by
the exposure to temperatures around ~300˚C. The modulus of elasticity of dry wood decreases
linearly with increasing temperature to about 200˚C; above 200˚C it decreases nonlinearly
(Schaffer E. , 1984). Above 400˚C, crack spacing tends to be inversely proportional to increasing
exposure temperature, and excessive cracking becomes evident. Exposure temperature also
governs whether the appearance of the wood is shiny or dull, with temperatures greater than
~ 900˚C needed to produce a shiny surface (Babrauskas, 2005).
At fire temperatures at or above ~500˚C, what is known as a flashover occurs. A
flashover is the epitome of combustion for a member, or group of members. When the majority
of the available combustibles in a gap or certain enclosed areas are consumed, the flashover
occurs and emits extreme heat (also known as a flash point). Under conditions of severe postflashover room fires in which the extreme elevated temperature continues, heavy timbers with no
gaps or joints will char at similar rates as those found in fire-resistance furnace tests. This can be
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a useful tool in estimating a minimum value for post-flashover burning duration of the room fire
(Babrauskas, 2005).
The irreversible effects of elevated temperatures on mechanical properties depend on the
moisture content of the wood, the heating medium, the elevated temperatures, the exposure
period, and to some extent the species and size of the member involved (Ross, Brashaw, Wang,
White, & Pellerin, 2005). Because of this, wood is assessed on a case-by-case basis. There are
multiple factors, and they all have important roles that have large influences. The moisture
content within a wood member is one of the major factors that influences a wood member’s fire
resistivity and residual capacities (White & Kukay, Post-Fire Assessment of Structural Wood
Members, 2014). As the exposure temperature increases, there is a dramatic increase in the rate
of creep deformation. As the moisture content is increased, the creep rate is increased
proportionately. Hot, moist conditions are conducive to high creep deflection (Schaffer E. ,
1984). Creep deformation refers to the slowly advancing deflection within a member while under
loading.
The damage to wood members continues beyond the point of elevated temperature
exposure. Afterwards, during prolonged cooling, surface temperatures decline while
temperatures in the interior portion of the cross-section increase (Ross, Brashaw, Wang, White,
& Pellerin, 2005). This is assuming there is a considerable amount of the cross-section
remaining. Accordingly, the interior fibers of a wood member are not visible but can still be
affected and significantly thermally damaged. For Doug-Fir in large sections, like glu-lam beams
and columns, it has been seen that the temperature achieves a quasi-steady-state distribution
below the char-wood interface (Schaffer, Marx, Bender, & Woeste, 1986).This increased
temperature is enough to damage the wood fibers if it holds steady for an extended period.
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1.1.2.2.

Orientation of Fire Exposure

There is much variability in a structural fire. As a fire travels through a structure, the
thermal field moves with it, and different areas are subjected to varying temperatures at different
times. The thermal field is broken into two distinct areas, the near field and the far field. The
near field is associated with structural elements that are exposed directly to flames, and
experience the most intense heating. The far field refers to the region further away from the
flames, where structural elements are exposed to hot gases (i.e. the smoke layer) (Stern-Gottfried
& Rein, 2012). The entire thermal field can result in thermal degradation due to the elevated
temperatures. The damage seen by structural members within the thermal field varies as the heat
flux within a fire varies with respect to different positions within a room.
The surrounding environment is important to understand when investigating a fire
damaged structure and its members. Each of the structural components can be subjected to direct
heat or transient secondary heat. Knowledge about the variance of temperature exposure, and the
duration of this extreme temperature exposure is helpful when assessing the damage of wood
members. There are many factors that are unique to each fire including the available fuel, the
heat, and the available oxygen. No two room fires will result in the same fire damage (U.S.
National Institute of Disaster Restoration, 2002).
Inspections of fires in large, open-plan compartments reveal that components do not burn
simultaneously. Instead, fires tend to move across floor planes as flames spread, burning over
only a limited area at any one time. These traveling fires result in non-uniform, transient heating
over time for a large compartment (Stern-Gottfried & Rein, 2012). Traveling fire methodology
(TFM) does not assume a single, fixed fire scenario, but rather accounts for a whole family of
possible fires; from small fires traveling across a floor for long durations with mostly low
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temperatures to large fires burning for short durations with high temperatures (Stern-Gottfried &
Rein, 2012).
When it comes to testing a wood member for its ability to resist fire damage and retain its
structural integrity, there is an ASTM standard that is typically followed (ASTM E119,
(American Society for Testing and Materials, 2010)). The standard fire does not accurately
reflect the nature of a real fire in which building elements are not heated uniformly. The standard
fire has a relatively slow growth rate, which is unlike a real-world fire, and it never reduces in
temperature due to fire decay. The standard test is also independent of building characteristics
such as geometry, ventilation, and fuel load. All differ from a real fire, and are reasons why the
standard fire is not a great representation of an actual fire (Stern-Gottfried & Rein, 2012).
It is extremely hard to characterize a real-world fire by an overlying standard. Fire, in its
natural state, is a phenomenon with variance. It has been observed that the time to failure is
normally longer with parametric fire exposures. Parametric fire exposure refers to fire scenarios
that are ventilation controlled, and where all the fuel within the compartment burns (Schmid,
Klippel, Just, & Frangi, 2014). Oxygen flow and the availability of resources to the fire are both
factors that change from fire to fire. The more available oxygen flowing through a compartment,
the greater possibility of new combustion fuel continuously reaching the fire.
The standard fire is still used today because there needs to be a test in which the
specimen test results can be compared. A uniform, standard fire gives the wood members a
common plane to compare against, and see the individual effects of elevated temperatures
relative to one another. Another reason the standard fire is still used, even though it is not the
best representation of a real fire, is because of the need and desire to test the member post fire
exposure. Typically, wood members are fire damaged by way of the standard fire, and then
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tested to measure the residual capacities. The standard fire allows the member to retain enough
strength to produce a worthwhile destructive, or nondestructive analysis test.
When a wood member sees burn-through, the member can be exposed to flames on both
sides, which can alter the thermal environment of the member. If there are no gaps or cracks in
the wood structure or between wood members, charring rates and burn-through times might be
expected to be similar to those of solid wood members (Babrauskas, 2005). Burn-through refers
to the process of a fire degrading a wood member to a point in which there are no solid fibers
remaining through the cross section of the member, and flames penetrate and damage multiple
faces of the member. It is another example of a factor that plays into thermal degradation and the
variability of fire. Not only does the degradation depend on all the factors associated with the
fire itself, it is dependent on the placement of the wood member with respect to the fire and its
surroundings.
The orientation of the fire, and the specifics about the fire exposure and duration time are
very important to the restoration process. In this research project, the goals were focused on the
restoration of the member instead of the fire exposure and damage experienced by the glued
laminated member. Figure 6 shows a flowing model of the total process taken post-fire event.
The first step is to create the fire model in which the specifics about the fire itself are determined.
The characteristics of the fire, the available fuel load, and the room geometry are incorporated in
the fire model. The second step is to determine how the elevated temperatures affected the
member(s), and how the member(s) reacted to the uniqueness of the in-service fire exposure.
The heat transfer model incorporates the thermal properties of the fire, the temperatures reached,
and the induced thermal gradient in the member(s). The third step is to calculate the residual
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properties of the member(s), and determine the available load capacity. The research presented in
this thesis focuses on the structural model and residual strength capacities.

Figure 6: Three-Tired Total Fire Damaged Restoration Model

The results produced from this research inhabit the structural model proposed in Figure 6. An
investigating engineer needs to produce the residual capacity of the fire damaged member.
Depending on the capacity, a decision on whether the member can remain in-service, if it can be
restored, or whether it must be replaced can be made.
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1.1.2.3.

Structural Restoration Techniques

There were multiple nondestructive tests highlighted in White, et al’s article, Evaluating
Fire-Damaged Components of Historic Covered Bridges (2016), such as a screw withdrawal test,
that could help an investigator determine the residual strength of wood members. One way to
find the residual strength of a damaged member is to identify the cross-sectional dimensions of
the member once the char layer is removed and additional reductions are accounted for based on
test data. Since the residual dimensions are important, the reduced section of the wood member
is an important starting point for initial calculations.
Failure occurs when the remaining cross-section is stressed beyond the maximum
capacity. For members stressed in bending, failure occurs when bending capacity is exceeded
due to the reduction in section modulus (Douglas, 2004). The section modulus is a parameter
calculated for a structural member that is based on the moment of inertia of the member, and the
distance from the neutral axis to the extreme fibers. The section modulus is calculated using
Equation 2.
Equation 2: Section Modulus

S=

𝐼𝐼

(2)

𝑐𝑐

I = moment of inertia (in4)
C = distance from the neutral axis to the extreme fibers (in)

Where:

[Sample Calculation for the Fire Damaged Glued Laminated Beam:

S=

𝐼𝐼

𝑐𝑐

=

513.54 𝑖𝑖𝑖𝑖4
5.5 𝑖𝑖𝑖𝑖

= 93.4 in3]

In scientific terms, the moment of inertia is defined as a quantity expressing a body’s tendency to
resist angular acceleration (Oxford Dictionaries, 2016). It is a representation of the body’s
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geometric shape. For a member with a rectangular cross-section, such as the glued laminated
beams used in this research, the moment of inertia can be calculated using Equation 3.
Equation 3: Moment of Inertia for Rectangular Cross-Section
𝑏𝑏∗𝑑𝑑3

I=

Where:

12

(3)

b = width of member (in)
d = depth of member (in)

[ Sample Calculation for the Moment of Inertia for the Fire Damaged Glued Laminated Beam:

I=

𝑏𝑏∗𝑑𝑑3
12

=

(4.63)∗(11)3
12

= 513.5 in4]

There are other nondestructive techniques such as drill resistance testing, where the
resistance seen by the drill bit could be correlated to residual strength, as well as various material
surface, hardness and penetration tests (White R. , et al., 2016). Another type of nondestructive
test that can be performed is an acoustic assessment. This is where there is a controlled stress
applied to the outer surface of the member which sends a stress wave through the member
lengthwise, and the time it takes for the wave to return (referred to as time-of-flight) is tracked
and assessed (Wang & Carter, 2015) .
Nondestructive tests are beneficial because the tested members are not damaged in the
process. If they are deemed acceptable, the members can still have in-service use because they
were not damaged through testing. Members exposed to destructive testing (like the process used
in this research) cannot be reinstated for in-service use post testing.
Fire restoration of existing structures is a very important field for structural engineering.
When structures are not ruled a total loss for insurance purposes, depending on the available
budget, the historical significance of the structure, or the location of the structure, there are
available options. It is the structural engineer’s job to establish the degree of degradation, and
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choose the best option among keeping the member in place, restoring it, or totally replacing it.
The degree of damage is important to establish because it drives the restoration effort and the
feasible remedies that can be used to restore the strength and stiffness capacities of the structure
(U.S. National Institute of Disaster Restoration, 2002).
This research focuses on a small niche within the field of structural investigations; the
restoration of fire damaged glued laminated members. I have taken on the question of fire
damaged restoration with respect to structural wood members, in an attempt to keep a fire
damaged glued laminated beam in service when it would otherwise be replaced. For my
approach, I am exploring the external application of a carbon fiber wrap as a cost-effective and
time saving restoration technique.
One benefit of using a carbon fiber wrap for beam reinforcement is the superior
properties the composite wrap has when it comes to short and long term stiffness. The long-term
behavior of the member could be improved and the deflection reduced by the addition of a
carbon fiber wrap (Schober, et al., 2015). Carbon fiber has good fatigue strength; about three
times that of steel, along with a low axial coefficient of thermal expansion, favorable creep
characteristics, resistance against abrasion (Gilfillan, Gilbert, & Patrick, 2003), and have been
shown to increase the load carrying capacity of an undamaged wood member (full cross section
intact) in comparison to an undamaged member that was not reinforced (Kim & Harries, 2010).

35

2. Project Purpose
The main question that arises during a post-fire assessment is, “can the member be left as
is, can it be repaired, or does it have to be replaced?” If possible, the least costly are to either
leave as is, or repair the member that is damaged. Individual member replacement is costly, time
consuming, and in some cases very difficult without replacing other members within the
structure. All structural components within a structure are interlinked, and removal of multiple
components may not be feasible depending on the design. If restoration is an option, access to
perform the work may be easier to gain than the work associated with member replacement (U.S.
National Institute of Disaster Restoration, 2002) (Radford, Van Goethem, Gutkowski, &
Peterson, 2002). Therefore, new investigation techniques and restoration processes are sought
after for the betterment of the structural engineering industry, and for the betterment of society.
Fires occur. Saving a damaged structural member in the aftermath of a fire event through
restoration is beneficial, and employing correct methodology is important. The results that
flourished from this research are meant to be beneficial when the individual project factors allow
it. Fire and wood are inherently variable; it is difficult to put forth a cover-all blanket statement
for fire restoration. With the right in-service set up, the right amount of fire exposure, increased
temperatures, and induced degradation, this research could be applied in everyday restorations.
The purpose of this thesis was to determine if a fire damaged glued laminated beam could
be restored when it would otherwise warrant replacement. For this research, proposed restoration
was by way of a cost-effective technique using easily obtainable materials such as carbon fiber
and epoxy resin, and industry technical support. Wood analysis and design background
knowledge was used in combination with design software programs and an open relationship
with technical support employed by Vectorply Corporation. The materials were chosen in

36
support of the idea to have the restoration technique viable for in-service application. The
availability of the carbon fiber, epoxy resin, and applicability of the hand lay-up method used to
apply the carbon fiber wrap allowed the procedure a wide variety of applicable applications.

2.1.

Industry Niche

Carbon fiber was the composite material chosen for the reinforcement wrap. Carbon fiber
is used as a primary and secondary building material in the construction industry. The main
applications of externally applied carbon fiber wraps have been to retrofit concrete, steel, and
wood members, and stabilize them for both seismic and re-purposing reasons (Jones & Hanna ,
1997) (Parvin & Jamwal, 2006) (Haedir, Zhao, Bambach, & Grzebieta, 2010). There are
numerous applications for composite wraps. Carbon fiber has a very high strength-to-weight
ratio, and is a cheap fiber that it is strong in tension (Schober, et al., 2015). It is a composite
material that is readily available, and can be used in most applications because of its ability to be
unaffected by moisture absorption (Hollaway, 2010).
The three main types of fiber material used in structural composite applications are glass
fiber (i.e. E-glass), aramid fiber (i.e. Kevlar), and carbon fiber (Hollaway, 2010). When a
strength versus cost comparison for each fiber is looked at, carbon fiber, more so that the other
two, shows to be a very strong material that can be easily obtained within the restoration budget
(Schober, et al., 2015). It has good durability, strength, fatigue, and creep characteristics
(Gilfillan, Gilbert, & Patrick, 2003).
Composite wraps can also compensate for wood defects (knots, misalignments, etc.)
(Bernardini, Credali, & Pistone, 2007). Carbon fiber is applied through a lay-up process. Because
of this, it can be formed and made for specific applications. As shown in Figure 7, the carbon
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fiber comes in the form of a flexible sheet material that can be cut into desired dimensions and
laid up individually with individual orientations.

Figure 7: Carbon Fiber Before Wrap Application

Once cut into the desired dimensions, the carbon fiber wrap is bonded together using an
epoxy resin. The epoxy matrix holds individual fibers together, and transfers the load to the
fibers themselves. In turn, the fibers withstand the design service loads. A nice feature of carbon
fiber is that it can be engineered to perform exactly as desired. By altering the orientation of the
fibers, the carbon fiber wrap can act differently and transfer loads differently. The epoxy can be
applied by way of a hand lay-up method, and the wrap can possess the majority of its overall
strength within 24 hours (Fibre Glast Developments Corporation, 2010). There have been studies
performed on the increase in capacity of structural members using carbon fiber in various
applications. There is a body of knowledge that supports this application and curing method.
It has been shown there is an increase in flexural stiffness and load carrying capacity in
composite wraps with an increase in the number of fiber layers (Li, Xie, & Tsai, 2009). When
externally applied to a structural member, there is more of an effect on strength than stiffness
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with the use of a carbon fiber wrap (Tao, Han, & Wang, 2007). Aside from the fiber orientation,
a major question when applying the carbon fiber wrap to a structural member is that of bonding
between the two materials. The external wrap is only going to provide as much strength as the
bond will allow (Lyons & Ahmed, 2005). Once the bond is broken, there is not a mode of
transfer for the stress between the two materials. The carbon fiber wrap, in turn, has no way of
supporting the applied load. The bond between wood and composite wrap can be increased with
an increase in contact points between the two (Khalifa & Al-tersawy, 2013).
Charred wood and the bonding of an external composite reinforcing wrap to the
previously charred, prepared wood fibers has not been a subject of research in the past (Raftery,
Harte, & Rodd, 2009). There have been previous experiments performed with carbon fiber and
glued laminated beams, as well as with regular sawn lumber members. In those tests, the
members were fully intact with their original strength capacities and full cross-sections in
existence. The wraps in previous experiments have been applied and bonded to a smooth surface
of undamaged wood, and there were no irregularities in the contour of the members (Valipour &
Crews, 2011) (Gilfillan, Gilbert , & Russell). Previous research has looked at the reinforcement
of glu-lam beams to increase the strength and stiffness of the wood, and change the available inservice use of the wood members (Guan, Rodd, & Pope, 2005). The research performed
throughout this project addresses an alternative perspective of carbon fiber reinforcement for inservice retro-fits. Instead of bolstering the properties of a good, adequate beam, restoring the
capacity of a damaged beam (fire damaged and loaded to max capacity) as a means of keeping it
in service was looked at.
The experiments performed in this research were intended to capture the worst-case
scenario, as well as test the ability of the carbon fiber wrap when applied to an irregular,
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previously charred, prepared surface. The idea for this scenario was if a fire occurred and
damaged an integral member of a structure, the created carbon fiber wrap could be applied to the
member while in-service, with no extra work, and the member could remain an integral piece of
the structure.
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3. Project Goals
3.1.

Overall Project Goal

The overall goal of this research was to investigate the feasibility of cost effectively
restoring a compromised glued laminated beam, and allow the member to remain in service
when it would otherwise warrant replacement. The strength and stiffness of the compromised
glued laminated beam were expected to be increased by the application of an external carbon
fiber composite wrap. These two material properties (MOR and MOE, respectively) need to be
simultaneously accounted for when a wood beam strengthening design is performed (Kim &
Harries, 2010). The loss in tensile strength experienced after cooling to room temperature postfire event is greater than the loss in compressive strength after cooling to room temperature. A
composite wrap added to the tension face of the damaged beam, once cooled, can aide in the
reinforcing of the member and help gain back the lost tensile strength (White & Woeste, PostFire Analysis of Solid-Sawn Heavy Timber Beams, 2013) (Schober, et al., 2015). In wood
analysis and design, the strength of a wood member governs over the stiffness of the wood
member.
The flexural capacity (both bending strength and stiffness) was the major property being
looked at throughout testing, but shear capacity became an important property to restore as well
because of its influence on the overall beam’s flexural capacity (Freas & D'Yarmett, 1982). In
order to be fully restored, the structural member needed to meet both load capacity criteria and
deflection criteria. Once reinstated into service, the restored beam needs to act-like and performlike the original, undamaged beam. Carbon fiber has excellent strength, and is seemingly a great
fit to reinforce the tensile face of a loaded beam. It is also a material that possess great stiffness,
which could benefit the damaged beam’s overall MOE and deflection under applied loads.
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Carbon fiber was only added to the bottom face of the beam and not the top face of the beam
because we did not want to risk compression failure due to the buckling of the FRP (Schober, et
al., 2015).
Since the members used for this research were previously loaded to max capacity, the
worst case was being captured in this research, and any increases seen were assumed to be
associated with the application of the carbon fiber wrap. To quantify the success of restoring the
strength and stiffness of the member, the modulus of rupture and modulus of elasticity
determined in the laboratory from the wrapped fire damaged beam test were compared to the
tabulated NDS factored design values. With the variability of wood, the ultimate strength of an
individual beam is subject to variation with respect to the standard factor of safety of 2.5. If the
strength provided by the wrapped member was greater than the tabulated strength, the member
could remain in service and maintain the design loads. Carbon fiber can increase the residual
strength and residual stiffness (represented by the modulus of rupture and the modulus of
elasticity, respectively) to acceptable limits.
In order to transfer an applied load to the tension fibers of a compromised member, the
cross-section of the member should act in composite fashion, with definitive ability to transfer a
load throughout the member. When delamination’s and cracks occur in the wood beam, the load
path can be compromised. Figure 8 shows three different cross-sections of members with cracks
running through them. Once the crack(s) forms and the wood fibers are no longer connected, the
load path through the member is diminished.
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Figure 8: Non-Composite Cross Section

It is important to transfer the load in shear and in bending. The maximum stress is located at the
most extreme fibers away from the neutral axis (see Moment Equation 6) in a composite member
with an intact cross-section. In order to utilize the carbon fiber, the load had to be directed to a
location where it could be contained by the carbon fiber. Once the load is transferred to the
tension face of the beam, the tensile load the carbon fiber must resist can be found with
Equation 4.
Equation 4: Tensile Stress

σT =
Where:

𝑃𝑃

𝐴𝐴

P = applied load (lbf)
A = cross-sectional area (in2)

[Sample Calculation for Max Applied Load Carbon Fiber Wrap Tensile Stress: 65 tensile plies
𝑃𝑃
46496 𝑙𝑙𝑙𝑙
σT = =
= 10,300 psi]
𝐴𝐴

65 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝∗0.015 𝑖𝑖𝑖𝑖∗4.63 𝑖𝑖𝑖𝑖

Laboratory experiments were conducted to see how the compromised glued laminated beam
would react to additional loading after the application of the carbon fiber, and how the load
sharing capacity would be influenced.

(4)
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The glue lines between laminations de-bonded in various locations during previous
testing, meaning the composite action of the cross-section was lost. Glued laminated beams,
unlike reinforced concrete and steel beams, tend to crack or delaminate along the length of the
member. With reinforced concrete, rebar is typically located in the zone of tensile stress of the
beam to help keep the member acting as one composite cross-section when loaded. With steel,
the way the material can have a ductile failure and doesn’t form lengthwise cracks along the
member allow it to remain as a solid cross-section (Haedir, Zhao, Bambach, & Grzebieta, 2010).
Because glued laminated wood beams were used for this thesis, carbon fiber was required to
transfer the induced shear forces to allow a composite action while being loaded in the glued
laminated beam.
It was expected that the mode of failure of the beam would change with the addition of
the carbon fiber wrap (Gilfillan, Gilbert, & Patrick, 2003). It was shown experimentally in the
research conducted by Gilfillan, Gilbert, and Patrick (2003) that unreinforced wood beams failed
suddenly due to tensile stresses in the member. Tensile reinforced wood members exhibited
evidence of wood crushing in the upper laminate. Failure in the wrapped member, in turn, was
due to the timber splitting longitudinally caused by compressive failure, which was followed by
the tensile failure of the reinforcement. The postponed onset of elevated tensile forces in the
timber was caused by the application of the wrap. The members experienced a compressive
failure because of the applied wrap. For a structural member, a ductile failure is beneficial as the
ability to see the onset of damage before complete failure is key to ensuring the public’s safety
due to some measure of advanced warning.
In addition to providing flexural strength and stiffness to the overall beam, the carbon
fiber can be used to provide shear strength to the beam laminations, from the compression fibers
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to the tensile fibers, and keep the beam as one so there was composite action to transfer the
applied load (Gilfillan, Gilbert, & Patrick, 2003). The shear capacity of the carbon fiber wrap
was explored through this research relative to ease of application and benefit to the beam’s
overall performance.

3.2.

Secondary Project Goals

In addition to the main goal of the research, there were 3 secondary goals associated with
this thesis. Vendor recommendations were sought out and collaboration for the optimal carbon
fiber orientation warp was desired. For part of the analysis, calibrated computer models were
needed, and the entire data collection process required both efficiency and accuracy.
Vendor recommendations were tested and compared to computer simulations and hand
calculations. The goal was to explore the vendor recommendations and vet them with calibrated
computer models. The hand calculations and laboratory experiments were to calibrate the
computer models. The amount of returned capacity needed to be quantified. Parallels to the
restoration process should include a cost analysis and a restoration technique that can be readily
implemented and the beam remain in service.
The creation of calibrated computer models used measured values of load and deflection
collected in the laboratory. This was done through modeling the beams in SAP 2000. SAP 2000,
by Computers and Structures, Inc., is a well know computer software program that is used to find
stresses and deflections caused by specific loading. It is a finite element analysis package, and
was used to estimate the performance of the beams, as well as look at various carbon fiber wrap
orientations and their impact on strength and stiffness in flexural members.
The second computer program used in this research was called Vectorlam. It is a software
program produced by Vectorply Corporation. It was used to model various carbon fiber wraps
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and orientations, and used to estimate the capacities potentially provided by the wraps. The
models created using Vectorlam were calibrated based on experiments performed on carbon fiber
panels constructed for this thesis. The results provided through Vectorlam were related to the
specific hand lay-up process used to create the carbon fiber wrap used on the fire damaged glued
laminated beam.
The remaining research dealt with post experimentation analysis. Once the testing was
completed, the data were compared to the hand calculations for residual strength. These results
were also compared to the factored tabulated allowable stress values listed in the NDS. There
were 34 cycles of tests performed and data gathered from each.
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4. Experiment Parameters
There were certain parameters that were put in place to help guide this project. Materials
were chosen based on strength, availability, and cost. To justify the carbon fiber wrapped fire
damaged glu-lam experiment and prove the results in-line with industry standards, it was decided
to split the project into a tiered funnel system. The funnels consisted of a computer modeling
aspect, a proof loading aspect, and a technical support collaboration aspect, along with wood
analysis and design calculations. Together, the funnels produced the carbon fiber wrapped fire
damaged glued laminated beam test, methods, and results presented in this thesis. The research
project flow chart is shown in Figure 9.

Figure 9: Project Flow Chart
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Figure 9 shows how different sectors of the project relate to one another. The separate areas of
work including the computer modeling, the collaborations, and the laboratory testing came
together to produce one fire damaged structural member restoration technique.
The computer modeling portion of this research project, once the models were calibrated,
was important to justify previously conducted research on the glu-lam beams, as well as
information gathered from software technical support and the research conducted throughout this
project. For the computer modeling aspect, both the glued laminated beams and the carbon fiber
wrap were modeled on two separate computer programs. The carbon fiber modeling software,
Vectorlam, and the technical support provided for the Vectorlam software, both played a crucial
role in the wrap design. With the help of the Vectorlam technical support, the wrap orientation
and placement around the beam were both optimized for higher strength with less material.
SAP 2000 was the finite element analysis software program that was used to model both
the control (non-fire damaged) glued laminated beam and the fire damaged glued laminated
beam. The modulus of elasticity was the main parameter needed for the SAP model calibration,
so a load versus deflection analysis was completed to fully inspect the beams’ residual capacity.
The results from the proof load tests were used to calibrate both the beam models and justify the
starting capacities of both beams (control and fire damaged) tested in this project. By inputting
measured test results for the wood and the carbon fiber into the computer models, the models
accurately represented the materials used.
The parameters that fit in between the major project measured data include the behavior
of the charred wood-to-carbon fiber bond line, and the response of the carbon fiber to the
irregular shape of the beam. The local bond-slip relationship could be used to make the finite
element computer model much more accurate and efficient (Schober, et al., 2015), but with the
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previously charred, prepared wood slip ratio unknown and the models unable to account for it,
the bond-slip was not found. For this thesis, the bonding issues were researched and actions were
taken based on a combination of information drawn from past experiments, vendor
recommendations, industry standards, and engineering judgement.

4.1.

Materials

The glued laminated beams used in this research were 24F-V8 DF/DF 5 1/8” X 12” X
10’. They were glued laminated beams consisting of doug-fir laminations in a balanced
orientation. The balanced orientation refers to the make-up of the glu-lam beam, in which the
laminations at the top and the bottom of the member are equal strength, and are stronger than the
interior laminations (Issa & Kmeid, 2005). The designation of “TOP” on the top of a glu-lam
beam is used to signify an unbalanced laminae orientation throughout the beam (APA-The
Engineered Wood Association, 2008). In an unbalanced glued laminated beam, the laminae at
one side, either the top or the bottom, is stronger than the other.
For the 24F-V8 DF/DF member used in this research, the beam designation refers to the
beam having an allowable bending stress of 2,400 psi (“24F” in glu-lam designation), and has
been visually graded (V8). The 10-foot long beam weighed approximately 110-150 pounds.
There were originally eight different members, four from the control group and four from the fire
damaged group that were all tested together in the same research project. Both groups had been
loaded to max capacity. Figure 10 shows one of the fire damaged beams right after it was fire
damaged at the Forest Products Laboratory.
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Figure 10: Fire Damaged Glued Laminated Beam at the FPL in Madison, WI

Figure 10 was taken right after the glued laminated beam exited the furnace used to fire damaged
the member and shows the laboratory set-up at the Forest Products Laboratory in Madison,
Wisconsin. The beam was picked up and set into the furnace, in which the middle span of the
member was exposed to the area of elevated temperatures. The ends of the beam were not
affected.
When the glued laminated beams used in this research project were previously loaded to
max capacity, there were eight total beams tested. From each of those members an apparent
modulus of elasticity (MOE), and a modulus of rupture (MOR) were found. For this project, the
modulus of elasticity and the modulus of rupture were used as measures of comparison for the
final carbon fiber wrapped beams. Table III shows the strength properties of all eight beams from
the previous round of testing (Kukay B. , White, Todd, & Jahn, 2013).
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Table III: Glued Laminated Beam Properties
Apparent MOE,
Beam ID
MOR, lbf/in2
3
2
x 10 lbf/in
Control Beams
Beam 3

749

5060

Beam 7

736

6740

Beam 8

1109

5000

Beam L

1075

7440

Average

917

6060

Fire Damaged Beams
Beam 2

810

3620

Beam 4

645

3890

Beam 5

887

2560

Beam 6

570

3060

Average

728

3280

The fire damaged beam used for final testing with a carbon fiber wrap in this research
was Beam 2 presented in Table III. The beam will be referred to as the fire damaged beam. It
was chosen because of the physical state it was in. Beam 3 from the control group was used as a
preliminary glued laminated test subject to see how the full sized glued laminated member would
work with the external carbon fiber wrap. The beam will be referred to as the control beam. The
testing of the control beam was also performed to justify the computer software program results,
and finalize the logistics associated with the full-sized beam in the lab.
The carbon fiber used for this research was 2583 Unidirectional Carbon Fiber from Fibre
Glast. The Fibre Glast brand was recommended by the Montana Tech CAMP Lab as a reliable
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and cost effective fiber source. Unidirectional fiber is extremely strong in the direction of the
fibers. This, combined with the ability to orient the unidirectional fibers in any manner desired,
made the use of unidirectional fibers ideal for this research. Unidirectional carbon fiber fit well
with the overall idea of the project to find an easy, feasible restoration technique.
Epoxy resin was used in combination with the carbon fiber to form the composite wrap.
A two-part epoxy resin mix was chosen for the external wrap because they have shown to be the
best option when trying to bond composites to wood members (Gilfillan, Gilbert, & Patrick,
2003). The two-part epoxy has been shown to work well for on-site bonding because they tend to
have good gap-filling properties and experience low curing shrinkage (Schober, et al., 2015).
The more the epoxy can spread out and fill the surrounding delamination’s, the better the overall
bond and wrap. The 2000 Series Epoxy with the 2020 Series Hardener Resin from Fibre Glast
offered the best advantages and cure times. With the 2020 Hardener, there was an available 120minute pot life, meaning the resin would not cure for two hours after mixing. With the 8’ spans
of our beams that needed to be wrapped, the longest available pot life was desired. The two-part
epoxy resin mix was ideal because it was a material on hand, it provided the cure time
allowances desired, and it had an acceptable flexural strength of 67,000 psi.

4.2.

Lab Set-Up and Equipment

There was lab equipment required to perform the research included in this thesis. From
the testing apparatus and the data acquisition system to the load cells and the displacement
transducers, there were many components incorporated. Most of the equipment required
calibration before testing. Without calibration, retrieved data has no reference. Once calibrated,
the gathered test data can be presented, compared, and reproduce. Once the lab was set up and
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everything was calibrated, the glued laminated beams could be loaded and data could be
gathered.
Tests were completed per the American Society for Testing and Materials (ASTM).
ASTM is an international standard that is used to test materials. By following ASTM standards,
laboratory test results can be calibrated, compared, and repeated. This is important because
without testing standards, test results would have no reference from one to another.
4.2.1. Testing Apparatus
The testing apparatus was used to hold the glued laminated beams while testing, hold the
displacement transducers, and hold the loading apparatus. It was made entirely of steel, and had
two adjustable wings that could be moved to fit varying lengths of test members. The glued
laminated beams fit in the adjustable wings, and an eight-foot span was measured. The loading
apparatus was placed at the measured center of the span (48 inches from reactions: 96 inches in
total span). Figure 11 shows a picture of the apparatus with a glued laminated beam loaded in it,
and a zoomed in view of the loading apparatus.

Figure 11: Testing and Loading Apparatus’s
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Figure 11 shows a glued laminated beam in the testing apparatus, as well as the loading
apparatus with the hydraulic jack, steel cylinder, load cell, and steel load wedge. The hydraulic
jack was operated by a hand pump. The testing apparatus has two points, one on each side, that
act as reaction locations when the beam is loaded. For the experimentation perform in this
research, a three-point test was performed per ASTM D198 (American Society for Testing and
Materials, 2015).
The beam was treated as a simply supported member, in which one end can be treated as
a pinned connection and the other can be treated as a roller connection. There is one point in
which load is applied in the direct middle of the beam, and reactions occur at both ends of the
beam (13 inches from each glued laminated beam end). When a beam is simply supported, the
magnitude of the shear stress in the member is uniform on both sides of the applied load. The
moment through the beam has an even distribution with a maximum moment occurring at the
point of load application, the mid span. This can be seen in Figure 12.

Figure 12: Simply Supported Max Applied Load Shear and Moment Diagrams
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The shear and moment diagrams of a loaded member are important because they show the
internal forces and stresses induced by the applied loading. The shear stress on each side of the
beam is equal to the beam bearing reaction at each side when it is simply supported with one
point load at mid span. This is a characteristic of a simply supported member. As can be seen in
Figure 12, the applied load is equal to 23,250, and the shear along the length of the beam equals
+/- 11,626 lbf, respectively. The +/- designation refers to the direction in which the shear force is
acting.
This can be seen and calculated by the equation for a simply supported beam reaction
force displayed in Equation 5 (Hibbeler, 2014).
Equation 5: Simply Supported Beam Reaction

V=
Where:

𝑃𝑃∗𝑎𝑎

(5)

𝐿𝐿

V = shear force (lbf.)
P = applied load (lbf)
a = distance from point of load application to reaction (in)
L = span length (in)

[Sample Calculation for Reaction Forces in Original Glued Laminated Beam:
𝑃𝑃∗𝑎𝑎
23250 𝑙𝑙𝑙𝑙∗48 𝑖𝑖𝑖𝑖

V=

𝐿𝐿

=

96 𝑖𝑖𝑖𝑖

= 11,625 lbf]

To measure the flexural capacity of a member and the bending stress seen in the beam at
an applied load, the induced moment within the member is found. A moment is a force
multiplied by a distance, and causes a bending motion within the member. The moment equation
for this type of loading condition is shown in Equation 6 (Hibbeler, 2014).
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Equation 6: Moment

M=
Where:

𝑃𝑃∗𝐿𝐿

(6)

4

M = moment (in*lbf)
P = applied load (lbf)
L = span length (in)

[Sample Calculation for the Moment in the Original Glued Laminated Beam:
𝑃𝑃∗𝐿𝐿
23250 𝑙𝑙𝑙𝑙∗96 𝑖𝑖𝑖𝑖

M=

4

=

4

= 558,000 in*lbf]

The moment diagram in Figure 12 can be found by finding the area underneath the shear
diagram. The area under the shear diagram represents a change in moment experienced by the
beam. Either the equation or the graphical approach is acceptable for finding both the shear and
moment of a beam with an applied load. The equation method can be beneficial when the shear
and moment at just one point along the member is desired. The graphical method can be
beneficial when the shear and moment along the entire member is desired (Beer, Johnston, Jr., &
Eisenberg, 2007).
There are multiple ways a structural member can be connected at its ends, and each
combination has its own set of equations. The type of end connection is very important. When
simply supported, such as demonstrated in this research, there is no moment transferred through
the connection. The member itself supports the entire applied moment. When there is a member
that has a fixed end connection, there is moment transferred through the connection. This saves
the member from enduring some of the applied moment, but the connection and supporting
members are subjected to a moment. There is an application for each end type of connection.
To apply the load, there had to be a connection between the head of the hydraulic jack
and the beam. For testing, steel cylinders were used to transfer the load. At the end of the loading
apparatus, closest to the wood member, there was a rounded metal wedge so the load was
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transferred into the beam along a single line of action. The rounded wedge and loading apparatus
are shown in Figure 11. The steel cylinder was located between the end of the hydraulic jack and
the load cell. Aside from filling the load range gap, the metal cylinders evenly distributed the
load into the load cell. The load cell was located on the top of the metal wedge, and recorded the
load as it was being transferred into the wood member.
To prevent buckling, the beam was braced along the compression sides of the beam at the
reactions (end supports) by wood 2x4’s. The only job of the 2x4’s was to prevent the beam from
overturning while the load was applied. They were attached to the saddle members of the testing
apparatus. Solid metal cylinders were used as the end supports to achieve a line of action the
reaction forces acted through. If the bearing point becomes thick and deviates from a single line,
the beam will act differently and the end reactions will force the member to deform. This could
lead to unacceptable testing data. If significant deformation and crushing occurs around the
bearing locations, it needs to be accounted for in the overall beam deflection (American Wood
Council, 2012).
4.2.1.1.

Data Acquisition System

A Vishay StrainSmart 5100B data acquisition system was used for lab testing. It was the
data system used to acquire, reduce, present, and sort measurement data from strain gauges,
strain-gage-based transducers, thermocouples, temperature sensors, LVDT’s, and other
commonly used transducers (Micro-Measurements, 2011). The 5100B system can record data
anywhere from 1 data measurement per second to 100 data measurements per second, and has a
fixed analog input filter. As the hydraulic hand jack applied a load to the member, the acquisition
system would record the readings from both the load cell and the displacement transducers. The
measurement data was stored along with a continuous time recording.
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The acquisition system was connected to our laboratory computer. The acquisition
system was a secondary machine to the computer, but they were needed in combination with
each other to perform the data collection. Figure 13 shows the computer and data acquisition
system in the laboratory.

Figure 13: Data Acquisition System

The sensors ran through the StrainSmart acquisition system were calibrated and zeroed
by the system before each test cycle. The calibration performed by the acquisition system was a
finer calibration than what the components went through for calibration before initial testing.
This ensured that the data system and components were aligned and regulated before each use.
There was a large capacity for multiple sensors to be uploaded for an individual project, and they
could be used in any combination. Figure 13 shows a view of the Sensor List (measuring
components) interface screen on the software system.

58
The components used in the glu-lam research, including the LVDT’s and load cells, were
all uploaded into the software system. Each one could be chosen and turned online, meaning they
could receive measurement data to their system channel. Each sensor could be individually
zeroed before the test was ran, and each sensor could have its own real-time display as the test
was performed. The measurement data was saved and stored on the data acquisition system.
4.2.1.1.1.

Load Cells

There was a total of three load cells calibrated for this project. There was a 10,000 lbf,
30,000 lbf, and 50,000 lbf load cell, all having an accuracy that decreases with an increase in
load capacity. The load cells were accurate up to .25% of their max capacity. Table IV shows the
accuracy of all three load cells.
Table IV: Load Cell Accuracies

Load Cell

Max Capacity

Accuracy Range

10K Load Cell

10,000 lbf

Within 25 lbf

30K Load Cell

30,000 lbf

Within 75 lbf

50K Load Cell

50,000 lbf

Within 125 lbf

It was desired to use the most accurate load cell (the 10,000 lbf load cell), but the expected
residual capacity of the wrapped beam was greater than 10,000 lbf. Because of this, the 30,000lbf load cell was used for all wrapped glued laminated beam testing. The applied load was
recorded to the nearest 75 lbf. For the proof load testing, the 10,000 lbf load cell was used
because the expected loads were less than 10,000 lbf. The loads from the proof load tests were
recorded to the nearest 25 lbf.
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The load cells were wired to the data acquisition system and test loaded in order to
achieve sample load readings. The acquisition system recorded the voltage change experienced
in the load cells as they were loaded. By way of adjusting the load value readings displayed on
the computer to the actual applied loads for the given voltage changes, the load cells were
calibrated. The 10K (1,000 lbf = 1 kip; 10,000 lbf = 10K) load cell was the first one calibrated.
The 30K and the 50K load cells were calibrated by the 10K load cell once it was shown the 10K
was calibrated within tolerance.
To calibrate the 10K load cell, it was loaded in the MTS Landmark Machine in the
CAMP Lab at Montana Tech. The load cell used by the MTS Landmark in the lab is a known,
justified load cell that is maintained and used daily for external industry work. It is accurate
within +/-0.1%. It is calibrated on a regular schedule. For the 10K load cell, it was calibrated
within +/-0.2% of the MTS Landmark. Since the load cell is only accurate to +/-0.25%, the load
cell had achieved an accuracy greater than what the load cell could justifiably read. Because of
that, the 10K load cell was considered calibrated. The final calibration of the 10K load cell is
shown in Figure 14.

Load (lbf)

10K Final Cali-Curve
3000
2500
2000
1500
1000
500
0

y = 4740.5x - 46.244
R² = 0.9993

0

0.1

0.2

0.3

0.4

Signal (mV/V)
Figure 14: 10K Load Cell Calibration Curve

0.5

0.6
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Figure 14 shows the final calibration curve for the 10K load cell. The data shown in Figure 14
was input into the data acquisition system to calibrate the readings given by the load cell. Based
on the voltage drop, the corresponding load reading was presented. Without the load-voltage
drop relationship, the load cells would not have been calibrated. The x-axis represents the
voltage drop in units of millivolt/volt (mV/V), and the y-axis represents the corresponding load
in pounds (lbf). The 30K and the 50K were loaded in the same way as the 10K load cell. The
voltage drop was recorded for the given applied loads, that the individual calibration curves were
constructed.
The 30K and the 50K load cells were loaded along with the 10K so the applied load
readings could be compared. Once the 30K load cell produced data within 75 lbf of what the 10K
load cell read, it was deemed calibrated. Same went for the 50K, when it read an applied load
value within 125 lbf of what the 10K load cell read it was deemed calibrated.
4.2.1.1.2.

Linear Variable Displacement Transducers

The linear variable displacement transducers (LVDT’s) were used to record the amount
of deflection the beam experienced at different applied loads. One LVDT was located at the mid
span of the member and read the displacement at the neutral axis of the beam. There were also
two more LVDT’s located at each end of the beam right at the bearing locations. Those two
LVDT’s also took displacement readings from the neutral axis of the member. The reason for
having the LVDT’s at the locations of bearing was to measure the deflections caused by bearing
and crushing failure of the wood. Because of the nature of wood, localized deformation at points
of bearing are common and can introduce error when performing lab testing on a beam’s overall
deflection. An average of the two end deflections was taken and the overall beam midpoint
deflection was reduced by that average value for each applied load recorded.
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The neutral axis of the member is the line of action through the length of the member in
which the internal stress is zero. In a simply supported beam, the member is in compression
above the neutral axis and in tension below the neutral axis. Taking the deflection measurements
from the neutral axis is a standard in material testing, and produces the most accurate results that
represent the overall member. The measured deflection recorded by the LVDT’s can be
compared to the calculated deflection for the simply supported beam using Equation 7.
Equation 7: Deflection
𝑃𝑃∗𝑙𝑙 3

Δ=
Where:

(7)

48∗𝐸𝐸∗𝐼𝐼

P = applied load (lbf)
L = span length (in)
E = modulus of elasticity (psi)
I = moment of inertia (in4)

[Sample Calculation for Original, Undamaged Glued Laminated Beam Max Deflection:
Δ=

𝑃𝑃∗𝑙𝑙 3

48∗𝐸𝐸∗𝐼𝐼

=

23250 𝑙𝑙𝑙𝑙∗ (96 𝑖𝑖𝑖𝑖)3

48∗749,000 𝑝𝑝𝑝𝑝𝑝𝑝 ∗675.93 𝑖𝑖𝑖𝑖4

= 0.846 in]

The LVDT’s were calibrated in the same manner as the load cells. The designated
displacements are based on voltage drops that correspond to applied displacements.
Figure 15 shows the calibration curve for LVDT 1, which was located at the mid span of the
glued laminated member, and shows a displacement transducer while being calibrated.
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Figure 15: LVDT 1 Calibration Curve

As can be seen in Figure 15, the calibration of LVDT 1 was based on the relationship between
the applied, known displacement and the resulting voltage drop in the displacement transducer.
The x-axis in Figure 15 represents the voltage drop (mV/V), and the y-axis represents the
displacement in units of mil-in (1,000th of an inch). The data gathered from the load cell was
combined with the readings from the displacement transducers to create a time-based comparison
between the applied load and the amount of deflection seen in the beam.
When the rod of the transducer extends to a certain point, a specific voltage drop occurs.
Figure 15 shows how the inner rod was kept at a vertically neutral position inside the outer
transducer encasing. During calibration, the LVDT was zeroed in the acquisition system and then
moved a certain amount. The distances the inner transducer rod was moved were based on gauge
blocks, so the distance was accurately known. That voltage drop was measured and paired to the
measured distance in the acquisition system. The process was repeated until the LVDT’s were
reading within 95% of the measured values.
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4.3.

Glued Laminated Beam Testing

Glued laminated beam testing began with the proof loading of the wood specimens. Proof
loading if the act of applying a load to a member (glu-lam beams in this research) that is less
than the capacity of that member, typically remaining in the linear elastic region. By doing this,
the member is not damaged, and in-situ properties can be obtained.
After the proof load tests, there were two carbon fiber wrapped glued laminated beam
tests. The first was the preliminary glued laminated beam test which was performed to justify the
project path and project projection, and was meant to set the stage for the final wrapped fire
damaged beam test. The glu-lam used in the preliminary test was a 24F-V8 DF/DF 5 1/8” X 12”
X 10’ control beam. It had been previously loaded to max capacity, but was not fire damaged.
The second test was performed on a carbon fiber wrapped fire damaged glued laminated beam.
The fire damaged beam had been loaded to max capacity after being fire damaged. There were
different carbon fiber orientations used on each beam, and different objectives for each test.
The objectives of the preliminary glued laminated beam test included grasping an idea of
how the full-sized beam would react to the carbon fiber wrap, how the equipment and set up
would be logistically, to see how well the models were working and how much capacity the
carbon fiber was providing, and to highlight any areas that were over looked or that needed more
attention. The objectives of the wrapped fire damaged beam test were more in line with the
overall project goals which included investigating a cost-effective restoration technique that
could allow a beam, that would otherwise be replaced, to remain in service.
In order to fully implement a restoration technique, there needs to be a justified number
of beams tested (Breyer, Cobeen, Fridley, & Pollock, 2015), and a quality control plan in place
(Schober, et al., 2015) (Hollaway, 2010). The results gathered through this research will be
foundation work for future testing. With the initial work completed, a path to full implementation
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can be identified. Comparing the results from the wrapped glu-lam beams to the original glu-lam
beam can justify the findings presented in this research, and give an idea of how close the
restoration technique and procedure are to being in-service ready. With the low number of
wrapped members tested, the results could be subject to variation with a larger test sample size.
4.3.1. Proof Load Testing
The best way to calibrate a computer model is with measured test data. Because the glulam beams had been previously loaded to max capacity, there was no way of knowing their
residual capacities. Even when loaded to failure, wood exhibits some amount of strength. To
perform the analysis needed for this research, knowing accurate values for the residual capacity
of the glu-lam beams prior to wrapping was imperative.
The goal with the proof load tests was to achieve 30% of the original capacity of the
beams. The load was applied based on the ASTM D198 (American Society for Testing and
Materials, 2015) standard load application rate which gives an acceptable range of 0.098 in/min
– 0.164 in/min of deflection for a glued laminated beam. This standard is in place to make sure
the member does not see dynamic loading during the static bending testing. Each member was
cyclically loaded to the point of ~30% of their original strength, or until significant cracking was
heard. Since the load application was performed with a hand held hydraulic pump, the load could
be held at a certain load and either increased or decreased depending on the test and the
member’s status. Because continuous cracking is a sign of degradation through the once
composite cross-section, the limits were not pushed during the proof load testing to try and
eliminate decreasing the member’s residual strength further.
The fire damaged beam was loaded to a max load of 3,175 lbf through a series of 5 test
cycles. Figure 16 shows the results for the fire damaged beam’s proof loading tests.
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Figure 16: Fire Damaged Beam Proof Load Test Results

Figure 16 shows the proof load test results from the fire damaged glued laminated beam. The xaxis represents the deflection of the beam in mil-inches (mil) (or 1,000th of an inch), and the yaxis represents the applied load in pounds (lbf). As can be seen by the equations presented in the
graph, each test cycle was very similar. The equations are the line equations of the loaddeflection relationships for the respective proof load cycles. The proof load cycles showed that
the beams residual load-deflection interaction was consistent. The proof load tests could safely
reach 30% of the residual capacity without significant cracking. All five tests had an average
modulus of elasticity equal to .821 x106 psi. Compared to the original glu-lam modulus of
elasticity of 1.2 x106 psi, the fire exposure and previous loading severely damaged the glued
laminated beam. This can be seen by the 32% reduction in MOE in the fire damaged beam. The
modulus of elasticity was found using Equation 8.
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Equation 8: Modulus of Elasticity
𝑃𝑃∗𝑎𝑎∗(3𝐿𝐿2 −4𝑎𝑎2 )

MOE =

Where:

𝑃𝑃

(8)

∆∗4∗𝑏𝑏∗ℎ3

= Slope of the Load vs. Deflection Graph (20%-40% of the max) (lbf/in)
a = distance from the point of load application to the reaction (in)
L = span length (in)
b = with of beam (in)
h = depth of beam (in)
∆

[Sample Calculation for Average Fire Damaged Beam Proof Load MOE:
MOE = 22886 ∗

48 𝑖𝑖𝑖𝑖∗(3(96)2 −4∗(48)2 )
4∗ 4.63∗ (11.0)3

= .821 x106 psi]

Equation 8 was derived at the Forest Products Laboratory (FPL), and incorporates a combination
of equations and load deflection diagrams, and is an acceptable equation to find the apparent
modulus of elasticity of a wood member (Kukay B. M., 2005). When comparing test data of
wood beams, the FPL recommends using the 20-40% range of data to find thee measured MOE.
By using the 20-40% load vs deflection slope, the values are in the proportional limit, they can
be normalized and compared, and won’t be misconstrued by errant initial or end values.
From the proof load tests of the fire damaged beam, it was shown that the beam had the
expected residual capacity presented from its previous testing (Kukay B. , White, Todd, & Jahn,
2013). The average slope of the proof load cycles proved to be the same as the slope of the loaddeflection curve of the fire damaged beam from previous testing. It justified using the max
capacity data for both a comparison for the wrapped beam tests and a reference in which the
residual capacity for the beams could be estimated.
4.3.2. Carbon Fiber Testing
Carbon fiber panels were constructed and tested in the laboratory to test the hand lay-up
process used for the glu-lam beam wrap. Because of the variability of a hand lay-up process, the
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properties associated with the lay-up process were relatively unknown. Two separate panel types
were constructed to gain an idea of how well the specific application process performed. Panels
consisted of a 4-ply and a 6-ply unidirectional fiber matrix. There were five panels tested for
both tension and shear, but the results from only four panels tested in tension and three panels
tested in shear were used in this research. The data retrieved from these tests were converted into
uniform values. The cross-sectional areas of the panels were taken into account with the applied
loads, so the different number of plies does not affect the results for comparison purposes. They
became standardized. In this way, the results were uniform and compared.
Figure 17a shows the tensile test carbon fiber panels with their strain gauges attached.
17b shows a carbon fiber specimen prepared for shear testing. There is a strain gauge attached to
the middle of both the tension and shear test panels.

a)

b)
Figure 17: a) Tensile Test Carbon Fiber Panels; b) Shear Test Carbon Fiber Panel

Figure 17 shows the individual test panels, both tension (a) and shear (b) with stain gauges
attached to the middle of the panels. The strain gauges on the tensile panels were multidimensional strain gauges which measured the strain in both the axial and lateral directions. By
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having the strain measured in both directions, Poisson’s Ratio was calculated, as well as the
stress and strain relationship in the axial direction. The SAP beam model used the Poisson’s
Ratio to assign properties to the individual model elements.
In the tensile test, the carbon fibers were loaded longitudinally, and were expected to test
very well under tensile loading. The tensile testing procedure followed the procedure set forth in
ASTM D3039 (American Society for Testing and Materials, 2015). Because the tension face of
the beam is important to the overall flexural strength of the beam (Hibbeler, 2014), the carbon
fiber was required to provide enough tensile strength and durability for the maximum load the
beam could withstand. Through member testing, the capacities of the beams reached during
initial testing (Kukay B. , White, Todd, & Jahn, 2013) were used as maximum load capacities.
To justify the process and make sure the carbon fiber was strong enough to adequately perform,
tension tests were performed. Figure 18 shows the results from the carbon fiber tension tests.

Figure 18: Carbon Fiber Tension Test Results

Figure 18 shows the individual tension tests performed on the separate carbon fiber panels. The
x-axis represents the strain the specimen endured through testing in units of inch per inch (in/in).
The y-axis represents the tensile stress in units of pounds per square inch (psi). There was an
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overall difference of 12% between the maximum and minimum stress values from the tests. The
average tensile strength of the carbon fiber panels was 176,400 psi. The elastic modulus of all
four samples were very similar, as can be seen by the initial linear portion of each test. All four
specimens exhibited a yield stress around 100,000 psi. The average modulus of elasticity was
determined to be 2.3 x 106 psi. The max stress seen was supported by specimen 2. Overall, a max
stress of 197,700 psi was achieved.
The third parameter taken from the tensile tests was the average Poisson’s Ratio of the
carbon fiber. Poisson’s ratio is the ratio of transverse strain to longitudinal strain (Oxford
Dictionaries, 2016). It is a measure of how much the material elongates and or shrinks in one
direction with respect to the adjacent orthogonal direction. Equation 9 was used to calculate the
Poisson’s Ratio of the carbon fiber.
Equation 9: Poisson's Ratio
𝜀𝜀𝑇𝑇

ϒ=-

Where:

𝜀𝜀𝐴𝐴

(9)

ft. = transverse strain (in/in)
εA = axial strain (in/in)

[Sample Calculation for the Poisson’s Ratio for the Carbon Fiber:
𝜀𝜀
0.02347
ϒ = - 𝑇𝑇 = = -0.287]
𝜀𝜀𝐴𝐴

0.08179

Poisson’s Ratio is a measurement of the inverse relationship between the amount of strain seen
in one direction by the material (transverse) versus the adjacent orthogonal direction (axial). The
average Poisson’s ratio for the carbon fiber was determined to be -0.287. The SAP 2000 beam
models used the Poisson’s Ratio of both the carbon fiber and the wood.
For the shear panel tests, the fibers were loaded transversely with respect to their fiber
orientation per ASTM D5379 (American Society for Testing and Materials, 2015). Figure 17b
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shows one of the carbon fiber specimens that was tested in the V-Notch shear test. In the VNotch test, the fibers are loaded perpendicular to their orientation, and the pure shear resistance
is measure in the center of the specimen between the v-notches that are cut into the specimen.
The results were used in the software modeling aspect of the project, both in the SAP and in
Vectorlam.
Shear test data from the carbon fiber were important because the carbon fiber wrap
applied to the beam was required to provide enough shear strength to withstand the shear forces
produced throughout the glu-lam beam (Hibbeler, 2014). Without the shear support, the load
would not be transferred through the beam into the tension faced carbon fiber that was meant to
resist the full tensile stresses of the flexural load. Figure 19 shows the results from the carbon
fiber shear tests.

Figure 19: Carbon Fiber Shear Test Results

Figure 19 shows the results from the three test panels that were loaded in shear. The x-axis
represents the specimen strain, and it is in units of inch/inch (in/in). The y-axis represents the
shear stress in the carbon fiber in units of pounds per square inch (psi). The “X” on each line in
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the graph represents the shear stress associated with each test specimen. With the V-Notch shear
test, ASTM D5379, the max shear stress is taken at the height of the linear region on the graph.
The remaining data points represent strength that the test specimens exhibited, but it is
not showing pure shear strength. The linear region within each test’s graph represents the
strength through the “v-notch” that is cut into the test panel. The average shear stress for the
three tested panels was 5,400 psi. The difference in shear strength between the three test panels is
attributed to the variability of the hand lay-up process. The shear test results were used to
calibrate the expected carbon fiber shear strength in Vectorlam using Equation 14, and calculate
the number of plies required to restore a compromised in-service glued laminated beam. The
number of plies required for both the shear resistance and the tensile resistance were calculated
using Equation 10.
Equation 10: Allowable Load per Carbon Fiber Ply

Ult. Shear Stress

𝑙𝑙𝑙𝑙
( 2)
𝑖𝑖𝑖𝑖

𝑖𝑖𝑖𝑖2
)
𝑝𝑝𝑝𝑝𝑝𝑝

* Wrap Cross-Sectional Area (

= Allowable Load Per Ply of Carbon Fiber

(10)

[Sample Calculation for Allowable Load per Carbon Fiber Ply:
𝑙𝑙𝑙𝑙
)
𝑖𝑖𝑖𝑖2

19,500 (

𝑖𝑖𝑖𝑖2

* (0.015 in * 4.63 in) (𝑝𝑝𝑝𝑝𝑝𝑝) = 1,354 lbf/carbon fiber ply]

Once the allowable load per ply is known, the max capacity desired to attain is divided by it. The
result is the number of plies required to resist the load. The ultimate tensile stress can also be
used in Equation 10, in addition to the ultimate tensile stress found using Equation 4, to calculate
the allowable tensile load per ply of carbon fiber.
4.3.3. Preliminary Glued Laminated Test Set-Up
The objective of the preliminary glued laminated test was to identify a procedure to
progress the carbon fiber wrapped fire damaged glu-lam testing. The idea behind the preliminary
test was to wrap the beam in order to see an increase in strength. The glued laminated beam used
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for the preliminary test was the non-fire damaged control beam. A carbon fiber wrap to restore
the beam’s full capacity was not intended for this round of testing.
The preliminary glu-lam was wrapped so that an increase in strength could be seen and
noted. There were tension fibers (0˚) as well as shear fibers (0˚ and 90˚) bonded to the beam. The
tension fibers spanned the entire length from bearing to bearing (8ft = 96in), and the shear
reinforcement came by way of shear tabs in four locations along the sides of the beam. There
was one full length “U” shaped ply that covered then entire 8 ft. span (Gilfillan, Gilbert, &
Patrick, 2003). There was a need to keep the cracked beam acting as a composite cross-section.
That was the goal with the “U” shaped wrap design for the preliminary test. Vectorlam and their
technical support were both used to optimize the preliminary wrap orientation to receive a
capacity increase indication without allocating a large amount of resources to the cause.
Over the entire beam span length, there were 20 unidirectional plies along the tension
face (bottom of beam). Over the middle two feet there were an additional 24 unidirectional plies,
making a total of 44 plies over the middle two feet of the beam along the tension face. The fibers
were running parallel with the beam span. The middle two feet of the beam had an extra 24
tension plies bonded to it to provide as much tensile strength without reinforcing a full eight feet
of wood beam. For a rigid body with a single flexural load at mid span, the maximum stress
occurs in the extreme fibers at the location of the maximum moment. This can be seen by the
equation presented for modulus of rupture, or bending stress (Equation 12). For the beam tested,
the max bending stress occurred at the mid span of the beam. The SAP computer model of the
glued laminated beams proved the location of the maximum stress caused by a 3-pt. load test. By
taking a distance equal to the depth of the beam from the mid span in both directions, the
maximum stress was forced to occur at a location with the maximum provided carbon fiber
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resistance. The nominal depth of the beam was 12 inches. By making a stress triangle inside of
the beam, the area of highest tensile stress is forced to be contained within the middle two feet of
extra reinforcement. This is demonstrated in Figure 20.

12 inches

12 inches

Figure 20: Load Distribution and Zone of Elevated Bending Stress

The simple triangles used to determine the distance of extra reinforcement were 45˚,45˚,90˚
triangles. Elevated stresses were seen in the beam SAP model 6 inches to each side of mid span
(12 total inches). The simple triangles used provided adequate coverage for the max stresses.
The fibers of the “U” shaped wrap ran perpendicular to the span length. The shear tabs
were bonded onto the “U” wrap at two feet to either side of the load application head, and were
in the same spots on the back side of the beam as well (Radford, Van Goethem, Gutkowski, &
Peterson, 2002). Each tab was 12 inches in length, and the fibers were parallel to the span length.
Each shear tab was three plies, making a total of four plies in those locations if the “U” wrap is
included as a single shear ply. For shear, 90˚ and 0˚ orientations provide roughly the same
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resistance (Vectorlam modeling). A hand sketch of the overall wrap orientation used in the
preliminary glued laminated beam is shown in Figure A3, located in the Appendix.
The hand lay-up application process was chosen because of its simplistic characteristics
and vast application ability. With the hand lay-up method, the fibers can be oriented in any
desired position and shape. The epoxy resin is applied to the fibers, and then the composite is set
aside to cure. In this research project, the epoxy was applied to the wood and carbon fibers with a
small paint roller, and the composite wrap was cured around the beam with a vacuum sealed,
negative pressure pump. Both would be feasible for use on an in-service member. Figure 21
shows the vacuum pump used and the curing process set up.

Figure 21: Vacuum Pump and Negative Pressure Cure Wrap

It can be seen in Figure 21 that the vacuum pump is connected to an intermittent container, and
then connected to the sealed wrap around the beam. The vacuum pump, once turned on, causes
the sealed wrap to apply a negative pressure around the wrapped beam. As the pump runs, the
excess epoxy resin is drawn towards to vacuum hose, helping cure the overall composite wrap.
The vacuum pump used in this research was a US General, 2.5 CFM vacuum pump. The
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intermittent jar was used as a safety precaution in the event excess resin entered the vacuum hose
and made its way towards the pump.
Mechanical application of carbon fiber is a real industry process. It was not chosen for
this research because with a member still in service, a mechanical application machine would not
be feasible to bring to the job site to apply the composite wrap. Big, bulky equipment is not
beneficial in a confined space application, which restoration could be. There is little equipment
associated with the hand lay-up method, and it would be feasible for in-the-field use (Alkhrdaji,
2015) (McConnell, 1999). Although the hand lay-up application of carbon fiber is not as
efficient, it is still widely used on intricate wraps and can provide comparable results to that of
the mechanically applied fiber wraps.
It was desired to find a wrap process with applicable materials and a procedural timeline
that was relative to the objectives of this research. A benefit with using a two-part epoxy resin
system is the cure time associated with the system can be chosen based on the application.
Different systems have different cure times. For this research, a long cure time was desired
because of the size of the beams being worked with. Once the lay-up process was finished, the
curing process for the epoxy resin began. The negative pressure vacuum seal was applied to the
wrapped beam and the curing process was continued to completion. The negative pressure was
left on the wrapped beam for 23-24 hours (Hollaway, 2010) (McConnell, 1999), and full cross
linking of the composite matrix was assumed complete once the plastic vacuum sealed wrap was
removed.
In order to successfully achieve the negative pressure seal, two materials were needed.
The first was a release ply material that wrapped around the freshly epoxied carbon fiber. For
testing, the 582 Nylon Release Peel Ply from Fibre Glast was used. It acted as a barrier between
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the curing epoxy wrap and the plastic vacuum bag. Without the release film, the plastic vacuum
bag would have hardened to the epoxied wrap and would have been stuck upon the completion
of curing. A clear plastic bag was used as the vacuum bag, with vacuum seal tape to achieve the
negative pressure seal required. This type of process could easily be applied to an in-situ
member.
The preliminary wrap was set up in Vectorlam, and estimates for flexural and shear
capacities were obtained. With six total shear tabs (on one side of the beam- two separate
locations), the estimated shear resistance was 10,000 lbf. For bending, the full span 20-ply wrap
and the 44-ply wrap were looked at in Vectorlam. The capacity of the 20 unidirectional plies was
350 lbf, and the capacity of the 44 unidirectional plies was 1500 lbf. With the preliminary wrap,
an increase in the load vs. deflection response of the beam was expected.
The three main areas of interest highlighted before the preliminary glued laminated test
began were:
1. Bonding between the wood and the carbon fiber.
2. The shear resistance of the tab style application.
3. Determine how well the tension faced fiber performed when loaded, and if there were
areas of concentrated stress resulting in cracks along the tension faced fibers.
No surface bonding preparations were taken prior to the wrap application on the preliminary
control beam because it was desired to see how the wrap acted with respect to the wood when no
precautions were taken. This was a way to represent the application of the carbon fiber wrap to
the wood in service with no preparations completed before restoration.
The shear resistance of the tabs was an area of focus because of the desired amount of
shear resistance, and the surface areas of the glu-lam laminations that were applying the shear
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forces (See Equation 14). The Vectorlam model was not able to represent the separate slip planes
of the glu-lam laminations and neither was the SAP model. Because of the lack of modeling,
there was not a good estimation as to how the shear tabs would perform and if they would reach
their full potential. The tension faced carbon fiber, especially through the middle two feet, was
expected to adequately perform.
The third area of interest was to explore how the immediate transition from one ply
thickness to another would affect the wrap, and if it would induce visible concentrated stresses in
those areas. There were locations of concentrated stress within the glued laminated beam without
any carbon fiber applied. It was important to see if the carbon fiber helped the locations of stress
concentration, or if the wrap had little effect on the concentrated stresses.
4.3.3.1.

Finite Element Analysis

A finite element analysis software program, SAP 2000, was used to model the glued
laminated beams tested in this research. The beams were created from finite elements (~18,000
elements per model) that held individual strength properties. Together, the elements acted as one
composite beam. Figure 22 shows a picture of the fire damaged SAP beam model.

Figure 22: Fire Damaged SAP Beam Model
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The sap beam models were used to justify measured data, obtain the internal stresses of the
loaded glued laminated beam, and model various carbon fiber wraps and their effects on the
beam.
SAP 2000 was the finite element analysis software used to model both the fire damaged
glu-lam and the control glu-lam (both previously loaded to max capacity). The models were used
to simulate beam loading, gain a better understanding of how the members were stressed when
loaded, and to gain an insight into the benefits of wrapping the beams with various carbon fiber
orientations and locations. The first tasks of the computer models were to construct and calibrate
the beam models to the tested values reported from the previous tests on the members (Kukay B.
, White, Todd, & Jahn, 2013), as well as the proof load tests performed on them.
A parametric study was used to calibrate both the control beam and the fire damaged
beam. Because of the different nature of the two beams, two separate studies were performed to
calibrate the models. For the control beam model, there were two major steps. The first was
adjusting the modulus of elasticity, and the second step was adjusting the total volume of cracks
represented in the beam. The modulus of elasticity was varied based on the proof load test
results. The variability of wood was a benefit in that it provided the research with a variation of
MOE values to help calibrate with. Because the individual beams exhibited their respective
MOE, it was felt justified that the value of the MOE in the computer model could be varied to
the same extents. Table V shows the results from the parametric study; stage one was finding the
optimal MOE for the SAP control beam model.
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Table V: SAP Parametric Study-MOE

Proof Load Results

SAP Results

5 K Test Load Original
Capacity

%
Difference
Stress

%
Difference
Deflection

P/Δ

MOE
(x 103psi)

Stress
(psi)

Deflection
(in)

Target
Stress
(psi)

Target
Deflection
(in)

45975

1250

678

0.0869

1050

0.13

43.05%

39.74%

45725

1250

681

0.0874

1050

0.13

42.63%

39.19%

45325

1240

683

0.0882

1050

0.13

42.35%

38.31%

39475

1076

681

0.161

1050

0.13

42.63%

21.31%

In Table V, the four calibration cycles from the first stage of the control beam SAP model
parametric study. The SAP results for both the stress and deflection seen in the beam were
compared to the results from the proof load results. The minimum MOE seen in the proof load
cycles showed the best compatibility with the desired results, so an MOE equal to 1.08 x 106 psi
was used and the total volume of cracks was looked at. Table V shows the percent difference
exhibited by the model after the first stage of calibration. The percent difference was calculated
using Equation 11.
Equation 11: Percent Difference

Where:

(𝐸𝐸−𝐴𝐴)
% Difference = 1
(𝐸𝐸+𝐴𝐴)
2

E = experimental (computer model) data
A = actual (measured) data

[Sample Calculation for Percent Difference in Stress, Stage 1 Calibration:
(𝐸𝐸−𝐴𝐴)
681−1050
% Difference = 1
=1
= 42.63%]
2

(𝐸𝐸+𝐴𝐴)

2

(681+1050)

(11)
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For the second stage of the parametric study, the MOE of the beam was treated as a
constant and the total volume of cracks (elements within the model with zero strength) was
varied until the beam was calibrated to the measured data. Because the de-bonded laminations
were known to exhibit zero strength, the locations of the cracks and delamination’s were charted
and measured so the zero strength could be translated into the SAP model accurately. The
delamination within the computer model was a way to add ductility to the beam models.
For the beam crack portion of the SAP parametric study, the locations of the cracks were
found within the elements of the beam model, and the elements were given the designation of
being a crack (zero strength). The cracks designated from laboratory observation as being thicker
and deeper than the rest were designated within the beam model as well, and were the locations
where the depth of crack elements was increased for study variance. The crack depth was
increased uniformly for each crack, and was not increased beyond the maximum estimated crack
depth. The total volume of cracks was used for comparison. Table VI shows the overall crack
volume parametric study.
Table VI: SAP Parametric Study- Crack Volume

Adjusted
Parameter
Crack
Volume
(in3)
110

SAP Results
Stress (psi)

Deflection
(in)

681

0.161

5K Test Load Original
Capacity
Target
Target
Stress (psi)
Deflection
(in)
1050
0.13

%
Difference
Stress

%
Difference
Deflection

42.63%

21.31%

308

912

0.150

1050

0.13

14.07%

14.29%

381

940

0.145

1050

0.13

11.06%

10.90%

399

953

0.121

1050

0.13

9.69%

7.17%

Table VI shows four of the test runs performed to finish the calibration of the SAP control beam
model. The crack volume, in units of cubic inches (in3), is the total crack volume for the entire
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beam. The locations of the cracks didn’t change throughout the tests, but the depths at which the
zero-strength elements in those locations reached changed. To represent a zero-strength element
in in the SAP model, the MOE was set equal to zero psi., the Poisson’s Ratio was set equal to
zero, and the shear modulus was set to zero.
The final calibration produced a 9.69% difference in stress values and a 7.17% difference
in deflection values. As the crack volume increased, the total beam ductility increased. The
increase in ductility can be seen in Figure 23, where the ductility of the beam is represented by
the deflection seen by the SAP beam model.

Figure 23: SAP Calibration- Crack Volume vs. Deflection

As can be seen in Figure 23, as the overall crack volume increased in the beam, the overall
deflection increased in the beam model simulation. The x-axis of the figure represents the
deflection in the beam, in units of inches (in.). The y-axis of the graph represents the total crack
volume in cubic inches (in3). The results are as expected since the increase in fracture planes and
loss in total strength conceivably lead to a decrease in stiffness and strength. At the end of
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calibration, the control beam model was within 10% difference in stress and within 8%
difference in deflection.
Each element possesses an individual set of properties that can be altered. The input
properties include weight per unit volume, modulus of elasticity, Poisson’s Ratio, the coefficient
of thermal expansion, and the shear modulus. The Figure 24a shows a view of the cross section
of the beam with the elements of the undamaged wood (green), fire damaged wood (pink), and
the cracks (black); 24b shows the cross-section of the beam model of undamaged wood with
cracks.

a)

b)

Figure 24: a) Fire Damaged SAP Beam Model and b) SAP Model Cracked Cross -Section

The depth of the cracks in the beam model were varied by changing the number of elements with
the zero strength properties associated with the crack. The cracks protruded inwards from both
sides of the beam, and ran the length of the cracks measured from the tested glued laminated
beam.
The fire damaged beam model was also calibrated by performing a parametric study.
There were two steps to the study: varying the modulus of elasticity, and varying the crosssectional dimensions of the charred section of the beam. The first MOE tried in the SAP model
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was the average MOE obtained from the fire damaged beam proof load test cycles. Figure 24a
shows a picture of the fire damaged SAP beam model. The interior pink portion of the beam
represents the beam elements with the fire damaged beam MOE, and the edge green portions of
the beam represent the elements with the control beam MOE. The black lines represent the
cracks within the beam that hold no strength characteristics (also shown in Figure 24b). MOE
used in the final SAP fire damaged model was the MOE used in the control beam model. The
first stage of the parametric study for the fire damaged beam is shown in Table VII.
Table VII: Fire Damaged Beam SAP Parametric Study- MOE
Applied
Load
(lbf)

Test
1
Test
2
Test
3
Test
4

5000

5000

5000

5000

Width, b

At
24”
At
36”
At
24”
At
36”
At
24”
At
36”
At
24”
At
36”

Depth,
d

MOE
(x103psi)

Stress
(psi)

Deflection
(in)

Target
Stress
(psi)

Target
Deflection
(in)

%
Difference
Stress

%
Difference
Deflection

4.50

11.50

821

1,150

0.74

1,285

0.204

11.09%

114.00%

3.50

11.00

4.50

11.50

874

1,336

0.61

1,285

0.204

3.89%

100.00

3.50

11.00

4.50

11.50

853

1,333

0.38

1,285

0.204

3.67%

60.3%

3.50

11.00

4.50

11.50

1,076

1,336

0.25

1,285

0.204

3.89%

20.00%

3.50

11.00

Table VII shows the modulus of elasticity portion of the fire damaged beam parametric study.
The MOE was reasonably increased because with the reduced cross-section of the beam, the
remaining wood fiber was assumed to be in the same state as the control beam’s undamaged
wood fiber. Therefore, it was reasonable to model the entire beam with the MOE of the control
beam. In both cases, the wood was not thermally damaged and had been previously loaded to
max capacity.
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Once the MOE was increased, the cross-section became the tested variable. The section
of the beam 24 inches from the right end to 36 inches from the right end was identified as the
most damaged portion of the beam (See Table IX). The size of the elements in the SAP model
through that section of the beam varied, which varied the stress and deflection of the beam. The
results from varying the cross-sectional dimensions of the beam can be seen in Table VIII.
Table VIII: Fire Damaged Beam SAP Parametric Study- Cross-Section
Applied
Load
(lbf)

Test
4
Test
5
Test
6
Test
7

5,000

5,000

5,000

5,000

Width, b

At
24”
At
36”
At
24”
At
36”
At
24”
At
36”
At
24”
At
36”

Depth,
d

MOE
(x 106
psi)

Stress
(psi)

Deflection
(in)

Target
Stress
(psi)

Target
Deflection
(in)

%
Difference
Stress

%
Difference
Deflection

4.50

11.50

1.07

1,336

0.250

1,285

0.204

3.89%

20.00%

3.50

11.00

3.75

11.13

1.07

1,336

0.153

1,285

0.204

3.89%

28.57%

3.75

11.00

3.80

11.20

1.07

1,331

0.234

1,285

0.204

3.52%

13.70%

3.80

11.15

3.80

11.15

1.07

1,336

0.223

1,285

0.204

3.89%

8.90%

3.80

11.00

Table VIII shows how the variance in dimension changed the stress and deflection exhibited in
the beam. The final iteration of calibration resulted in 3.89% difference in stress and 8.90%
difference in deflection. The size of the SAP elements changed just in the section of the beam
24-36 inches from the right end of the beam to narrow the overall amount of variance within the
beam analysis. The cross-section of the beam through this portion was considerably smaller than
the rest of the beam. The actual dimensions of the fire damaged beam are shown in Table IX.
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Table IX: Fire Damaged Glued Laminated Beam Dimensions
Left

Right
12”

24”

36”

48”

60”

72”

84”

96”

108”

120”

End

End

Width, b

5.0

5.0

4.5

3.5

4.0

4.6

4.5

4.8

4.9

5.0

5.0

5.0

Depth, d

11.5

11.5

11.5

11.0

11.3

11.0

11.0

11.5

11.8

11.5

11.5

11.5

As can be seen in Table IX, the portion of the beam 24-36 inches from the right end is the
smallest portion of the beam. Overall, there was an average of a 14.2% reduction in the crosssectional volume due to fire damage in the glued laminated beam. At the extreme fire damage
location, roughly 30-36 inches from the right end of the glued laminated beam, there was a 35%
reduction in the cross-sectional volume. There was an average char depth in the fire damaged
glued laminated beam of 0.6 inches.
The heat penetration data that was gained from the fire exposure test completed on the
fire damaged member (Figure 5) was used to accurately model the depth of damaged wood and
amount of undamaged wood in the inner core. The control beam model was created based on the
control beam proof load test results, and the fire-damaged model was created from the results of
both the control beam test and the fire damaged beam test. Because of how heat penetrates wood,
the previous experimentation incorporated thermocouple inserts at different depths within the
wood member to read the elevated temperatures within the wood. The thermocouples were able
to show the interior temperature of the beam at different depths with respect to time. Based on
that information, the fire damaged beam model was built with the undamaged wood test data
within the interior portion that was not affected by the thermal increase, and the test results from
the fire damaged beam proof load were applied around the exterior of the member. The crosssection of the fire damaged beam SAP model is shown in Figure 25.
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Green – Undamaged
Pink – Fire Damaged

Figure 25: Fire Damaged Glued Laminated SAP Model Cross-Section

Figure 25 shows how the properties of the SAP model beam were varied to reflect the varying
cross-section of the fire damaged glued laminated beam. The number of elements dedicated to
the undamaged inner core of the beam varied, as well as the number of elements dedicated to the
fire damaged beam, to calibrate the model.
Once the beam models were calibrated, carbon fiber was added to them to see the varying
effects of different carbon fiber bonding locations. By increasing the points of reinforcement
(carbon fiber to wood bond locations), an increase in ultimate load capacity can be achieved
(Khalifa & Al-tersawy, 2013). Figure 26 shows an example of the fire damaged SAP model with
the addition of carbon fiber to the tension face. The model has the reduced cross-section of the
fire damaged beam. The elements attached to the outer tensile boundary of the beam’s crosssection were given the properties of the carbon fiber. They can be seen by the bottom row of
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black elements on the beam. The carbon fiber elements were attached to the beam is also shown
in Figure 26.
Green – Wood
Black – Carbon fiber

Figure 26: Fire Damaged Beam Cut-Away with Carbon Fiber

Figure 26 is a zoomed-in view of the SAP model carbon fiber wrapped beam. The picture shows
a section of the beam around the mid span of the member. The carbon fiber elements were
attached to the fire damaged glued laminated beam model in the same fashion as the rest of the
elements. The carbon fiber elements could be applied anywhere around the beam model. The
input properties used for the carbon fiber cells were taken from the tension and shear tests
performed on the carbon fiber panels in the laboratory. Because of this, the carbon fiber wrap in
the model accurately represented the carbon fiber wrap applied to the full-sized glu-lam beams.
The models were a way to estimate how much deflection the damaged glu-lam beams
would see with various applied loads, and they were also a way to locate points of concentrated
stress. They did not, however, address de-bonding between the carbon fiber wrap and the wood
fibers. There was no slip-resistance, or surface roughness input in the SAP model.
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4.3.4. Preliminary Glued Laminated Test Results
The preliminary glu-lam was loaded in a series of cycles to see how the beam and wrap
reacted to the applied load. The loads were applied in small increments, and increased in cycles
of three. The applied load was increased in increments of ~2,500 lbf. The beam was not damaged
at the loads reached, and was kept within the NDS allowable load for the DF/DF 24F-V8 glued
laminated beam. Cycles of three were performed for a couple of reasons. One, it could be seen
how the wrap upheld under cyclical loading. The second reason was to cover all possibilities that
could happen with the wrapped beam while being under an applied load. All the stress increases,
beam deflections, and modes of failure were sought after parameters.
Points of delamination were noted, and the overall bond action was analyzed. With a
thorough cyclical test, the point at which a decrease in load capacity, if any, could be seen. When
de-bonding occurred, the glu-lam broke free from the wrap. The laminations of the glu-lam, in
turn, deformed and gave way to the shear stress.
According to the NDS, the allowable bending stress for the glu-lam was 2,400 psi
(American Wood Council, 2012). The allowable load corresponding to the allowable stress was
equal to 11,505 lbf. This calculation was completed using Equation 12.
Equation 12: Modulus of Rupture Bending Stress

𝑀𝑀

fb = =
𝑆𝑆

Where:

𝑀𝑀𝑀𝑀

(12)

𝐼𝐼

fb = bending stress (psi)
M = bending moment found from Equation 6 (in*lbf)

[Sample Calculation for the Glued Laminated Beam NDS Tabulated Bending Stress and Allowable Load:
𝑀𝑀

fb = =
𝑆𝑆

𝑀𝑀𝑀𝑀
𝐼𝐼

=

𝑃𝑃∗𝐿𝐿
∗𝑐𝑐
4

𝐼𝐼

=

11505 𝑙𝑙𝑙𝑙 ∗96 𝑖𝑖𝑖𝑖
∗ 5.875 𝑖𝑖𝑖𝑖
4
675.93 𝑖𝑖𝑖𝑖4

=2400 psi]
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Based on the calculated allowable load associated with the tabulated bending stress of a 24F-V8
DF/DF glued laminated beam, the cyclical loading was continued until the test reached 12,000
lbf. Once the moment was solved for in Equation 12, the applied load was solved for using
Equation 6. Once that allowable load was reached in the loading cycles, the beam was loaded
and tested to failure.
The failure test of the preliminary glued laminated beam was carried out in a series of 3
cycles. The beam lost stiffness as the failure cycles were carried out, but did not reach its
maximum load capacity until the second cycle. The cycles were based on the extent of the
hydraulic jack that was being used, both the available head of the jack and the available loading
stress within the jack. By having the failure data through three cycles, the damage endured by the
beam by each load can be seen. Figure 27 shows the three failure cycles of the preliminary glued
laminated beam.

Figure 27: Preliminary Glued Laminated Beam Failure Test Cycles

In Figure 27, the graph depicted as a triangle (Δ) represents test cycle 1; the graph depicted as a
square (□) represents test cycle 2; the graph depicted as a circle (○) represents test cycle 3. In
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the figure, the x-axis represents the beam’s deflection in units of inches (in). The y-axis
represents the applied load in units of pounds (lbf). The maximum load reached was 17,775 lbf,
in test cycle 2. The test cycle 1 shows a greater stiffness exhibited in the beam, which means the
load reached in failure cycle 1 damaged the beam enough to decrease the overall MOE in test
cycle 2. Even though the stiffness (i.e. MOE) decreased in cycle 2, the maximum strength was
greater. By the third test cycle, bond failure between the carbon fiber and wood had set in.
In turn, the wood inside the carbon fiber wrap failed because the wrap was not resisting
the load it was designed to. Figure 28 shows three view angles of the de-bonding between the
carbon fiber and the wood caused by the preliminary glu-lam test.

Figure 28: Preliminary Glued Laminated Beam Failure

As seen in Figure 28, the de-bonding occurred along the sides of the beam. The tensile
reinforcement had little damage, and there was no de-bonding along the tensile face of the
wrapped beam. There was one location in which the shear reinforcement applied around the
tensile reinforcement caused a stress concentration and the tensile fibers were cracked.
Otherwise, the de-bonding occurred along the sides of the beam in the shear reinforcement. As
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can be seen in Figure 28, the de-bonding in the shear reinforcement resulted in waves in the
carbon fiber, and cracking parallel to fiber orientation.
The carbon fiber wrap increased the capacity of the beam, based on the NDS tabulated
allowable bending stress, by around 50%. The factor of safety for the new beam, with the applied
carbon fiber wrap, was 1.54. The acceptable range of safety factors for wood members is 1.25-5
(Breyer, Cobeen, Fridley, & Pollock, 2015), so the test proved to yield acceptable results. The
load capacity of the beam was shy of the original beam’s capacity by 6,500 lbf., which equates to
being 74% of the original, undamaged beam’s capacity. The carbon fiber wrapped beam being
within 70% was a good sign. Many key notes were highlighted throughout the preliminary test
that made it worthwhile in preparation for the final wrapped fire damaged beam test.
As mentioned, the first preliminary glued laminated beam failure cycle yielded the
highest load/deflection slope, which in turn yielded the highest MOE (Equation 8). The stiffness
of the member is an important property, and one in which an increase was desired by way of the
applied carbon fiber wrap. Figure 29 shows a comparison between the original undamaged glulam beam, the wrapped control glued laminated beam loaded in the preliminary test, and the
proof load tests that were completed on the control beam before the carbon fiber wrap was
applied.
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Figure 29: Preliminary Glu-lam Test Result Comparison

In Figure 29, the graph represented as (ϯ) represents the original, undamaged glued laminated
beam; the graph represented as (0) represents the preliminary glued laminated beam test; and the
graph depicted as (Δ) represents the proof load test results from the control beam used in the
preliminary glued laminated test. The x-axis represents the deflection experienced by the beam in
units of inches (in), and the y-axis represents the applied load in units of pounds (lbf). As it can
be seen from the graph, the MOE of the glu-lam in the proof load tests was significantly less than
the original glu-lam with full capacity. The difference between them is the amount the beam had
been damaged due to prior loading to max capacity.
From the graph, the application of the carbon fiber wrap in the preliminary glued
laminated beam test increased the MOE of the beam by 16% from that of the proof load tests.
The resulting MOE of the wrapped glu-lam was 74% of the original, undamaged glu-lam’s
MOE. What the results showed was that the research project was on the right track, and the ideas
and procedures were working. The results showed the importance of shear reinforcement, and
that with the right carbon fiber wrap orientation the capacity of a compromised beam can be
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restored. There were de-bonding issues that were found in the preliminary test, and it was found
that the surface preparation before composite wrap bonding was beneficial and worth the time
and resources required. The shear reinforcement was highlighted as a high priority for the
wrapped fire damaged glued laminated beam test.
The preliminary glued laminated beam test also showed the failure characteristics of a
carbon fiber wrapped beam. The wrapped beam had a ductile failure in which loading cracking
occurred and significant deflection was seen in the member. The tension fibers saw minimal
damage, and were not fully stresses due to the shear de-bonding experienced.
4.3.5. Wrapped Fire Damaged Beam Test Set-Up
The final round of glued laminated beam testing was a wrapped fire damaged member.
The wrap was optimized using the Vectorlam software, the Vectorlam technical support, and the
results from the preliminary glu-lam test. Preparations of the beam prior to the wrap application
were a culmination of experimental procedures used traditionally for carbon fiber composite
applications and manufacturing, and wood beam preparations. Surfaces to be bonded are best
dry, free from contaminants such as release agents and dust, and obtain sufficient surface
roughness (Schober, et al., 2015) (Lyons & Ahmed, 2005). The same hand lay-up application
process used in the preliminary glued laminated beam wrap was used in the wrapped fire
damaged beam test. The same carbon fiber, epoxy resin and negative pressure curing process
were also used.
The fire damaged glued laminated beam was wrapped in carbon fiber reinforcement to
increase the residual capacity of the beam to a point at which it could remain in service instead of
being replaced. For the beam to remain in service, the capacity must be returned to the design
load of the member or greater. The design load of the member is based on NDS tabulated
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allowable stresses and in-service application factors for the tabulated stresses. If the restored
beam provides a greater capacity than what the original member was designed for, it is known
the restored member exceeds the minimum NDS design capacity and can remain in service. The
factor of safety of the restored beam could vary depending on the amount of restored capacity.
Figure 30 shows the break line between being acceptable to remain in service post
restoration and having to be replaced because of inadequacies.

Figure 30: NDS Remain In Service-Replace Break Line

In Figure 30, the break line between being able to keep a member in service and having to
replace it is shown. The x-axis of the graph represents a second parameter that could range from
time, to sample number, to deflection. It is dependent on the test being performed and the desired
results of the test. The y-axis represents the capacity parameter for the member. This could be in
the form of a force or a stress depending on the associated experimental test.
The break line is the factored tabulated design capacity calculated from the NDS
tabulated property value based on the wood member’s species and grade. Once the factors for the
individual member are accounted for, the resulting property value is the design strength for that
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member. No structural loads from the original structural design can exceed the design strength
for an individual member. The graph has the NDS design value that must be exceeded for the
member to be deemed adequate for in-service use.
Because the NDS calculated value accounts for a factor of safety equal to 2.5, calculated
MOR values in this thesis accounted for a factor of safety equal to 2.5 for realistic comparison
(Breyer, Cobeen, Fridley, & Pollock, 2015). Individual wood members have varying max
capacities because of the variability of wood. By using the NDS tabulated values for comparison,
location, vendors, and applications can be standardized and members can be compared on the
same plane regardless of actual individual factors. A national standard that similar structures are
designed and built according to is a way to increase public safety and industry uniformity. If a
member is deemed acceptable based on the national standard, the location of the project does not
influence the adequacy of the member’s strength capacity.
Knowing the variability of wood, not every beam will have the same maximum strength
even in good condition. Because of the 2.5 factor of safety used in wood analysis and design,
setting such a specific goal as far as a desired pound load of restored capacity is unfeasible,
especially when only testing one beam. That is why the final measurement of success for the
feasibility of the restoration technique was a comparison against the NDS design bending stress
of the beam.
The variables associated with the 24F-V8 DF/DF glued laminated beams tested in this
research are specified in the National Design Specification (NDS), and are unique to the DF/DF
glued laminated beam. For the wrapped fire damaged beam, the calculation of the design
allowable bending stress was based on the original beam with the original cross-section (5 1/8”
X 12”). The design load for any member is based on the original, full cross-section of that
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member. To calculate the allowable bending stress, Equation 13 included the values presented in
Table X.
Table X:Design Allowable Load Factors

Fb (psi)

CD

CM

Ct

CL

Cv

Cfu

CC

CI

2400

0.90

1.00

1.00

1.00

0.72

1.00

1.00

1.00

The equation used to calculate the design allowable bending stress of the beam, based on the
NDS tabulated stress value and factors presented in Table X, is shown in Equation 13.
Equation 13: NDS Design Allowable Bending Stress

F’b = 𝐹𝐹𝑏𝑏 ∗ 𝐶𝐶𝐷𝐷 ∗ 𝐶𝐶𝑀𝑀 ∗ 𝐶𝐶𝑡𝑡 ∗ 𝐶𝐶𝐿𝐿 ∗ 𝐶𝐶𝑣𝑣 ∗ 𝐶𝐶𝑓𝑓𝑓𝑓 ∗ 𝐶𝐶𝑐𝑐 ∗ 𝐶𝐶𝐼𝐼
Where:

(13)

Fb = tabulated bending stress (psi)
CD = load duration factor (unit-less)
CM = wet service factor (unit-less)
Ct = temperature factor (unit-less)
CL = beam stability factor (unit-less)
Cv = volume factor (unit-less)
Cfu = flat use factor (unit-less)
Cc = curvature factor (unit-less)
CI = stress interaction factor (unit-less)

[Sample Calculation for the Factored Allowable Design Bending Stress for DF/DF 24F-V8 Glu-lam:
F’b = 2400 ∗ 0.90 ∗ 1.00 ∗ 1.00 ∗ 1.00 ∗ 0.72 ∗ 1.00 ∗ 1.00 ∗ 1.00 = 1558 psi]

With the factors shown in Table X, for the DF/DF 24F-V8 glued laminated beam tested in this
research, the design allowable stress was 1,560 psi.

During the preliminary glued laminated beam test, the wrapped beam deflected more than
expected and resulted in a ductile failure. Because of this, for the final wrapped fire damaged
beam test, the hydraulic jack was exchanged for one that had a greater load capacity, and the
load transfer apparatus was modified so that it could provide a much larger stroke length to
account for the ductility (Gilfillan, Gilbert, & Patrick, 2003). Two additional metal cylinders
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were added to the top of the wedge head and load cell to assist in increasing the hydraulic jack’s
head length. Because of the ability to zero the load cell before each test cycle, the extra load from
the additional metal cylinders was not a problem.
Two methods were selected for comparison to find the bond surface preparation that best
fit this research related to the fire damaged nature of the bonding surface once prepped. That is
one of the challenges to using an external carbon fiber wrap (Raftery, Harte, & Rodd, 2009).
The first option was to lightly sand and prepare the bonding surface without changing the
contours of the fire damaged beam (Raftery, Harte, & Rodd, 2009). The second option was to
apply a wood filler along the length of char damage to create an even surface, and reduce the
irregular edges and corners that could pose a stress concentration in the carbon fiber. The cost
comparison completed for this research included the cost of adding wood filler to the irregular
charred beam. The cost comparison between the two repair procedures is shown in Figure 31.

Figure 31: Restoration Technique Cost Analysis
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As presented in Figure 31, the total repair cost with a roughened surface preparation only,
and no additional wood filler, is less costly than with the addition of the wood filler. When both
costs are compared with the cost of total replacement, the procedure with the surface preparation
was a ~24% cost savings, where with the addition of the wood filler the cost savings was only
~6%. The wood filler procedure could be an idea for future work, but produced a higher overall
cost and was omitted from this research as a result.
For this research, given the porous nature of wood, and the results from the cost analysis
performed, it is more efficient to get epoxy to bond to epoxy rather than to wood itself. The
durability of the bond between the epoxy and a secondary material has been of concern through
past research projects (Raftery, Harte, & Rodd, 2009). Without the application of a coupling
agent between the two surfaces, adequate bonding can be hard to achieve.
The act of “prepping” the bonding surface was the procedure employed. It is commonly
used in composite design and in the manufacturing industry. It is a process that has been used in
previous research projects involving the bond of undamaged wood to composite wraps (Lyons &
Ahmed, 2005).
As in a typical carbon fiber make-up, the bonding surface of the glued laminated beam
was cleaned, sanded, and epoxied before the carbon fiber was applied. Because the bonding
surface had been charred and all of the char was removed, the beam had a varying contour. This
made the carbon fiber lay-up slightly different than typical carbon fiber lay-up practices, but the
overall method was created from the acceptable composite lay-up methodology (Raftery, Harte,
& Rodd, 2009).
The actual char layer of the glued laminated beam has no load bearing capacity, and was
removed. The char layer was cleaned of any char that was not providing strength, and any loose
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fibers that could hinder the bonding action between the two materials (Lyons & Ahmed, 2005).
The wood beneath the char layer, known as the pyrolysis zone, has been shown to obtain residual
load capacity. This capacity is less than the original (White & Kukay, Post-Fire Assessment of
Structural Wood Members, 2014). The surface was roughened with 60 grit sand paper until the
surface was clear of loose material and was scarified (Lyons & Ahmed, 2005). The roughened
surface helps the epoxy remain in place while under stress. Once prepped, only a small amount
1

of wood at the outer most layer was removed (estimated 16 in.). Once the entire bonding surface

was prepped, a sufficient amount of epoxy was applied to the entire span of the beam. Figure 32
shows the fire damaged beam with the epoxy resin applied.

Figure 32: Epoxied Fire Damaged Glued Laminated Beam

Epoxy resin bonds much better to itself than to other materials, so a primary and secondary layer
was applied, just prior to the carbon fiber wrap application. This provided ample bonding
between the external wrap and the fire damaged glued laminated beam. The initial epoxy layers
were left to air cure over 12 hours before the carbon fiber wrap was applied.
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A cost analysis was used to compare the cost associated with a total beam replacement
versus beam restoration. There was an overall cost savings of 24% with the restoration
procedure. With a cost-beneficial restoration technique, there is incentive to use the restoration
technique when faced with a structural member replacement. The cost analysis could also be
subject to change based on marketplace locations, and the variance in material prices associated
with different geographic locations. Figure 33 shows the cost analysis comparison.

Figure 33: Restoration vs. Replacement Cost Analysis

Restoration proved to be a benefit in comparison to replacement. The 24% cost savings is
significant, and justifies the use of the restoration technique. The cost analysis was performed
from the point of view of the homeowner who could purchase the materials needed for
restoration and hire out the minimal work associated with the carbon fiber wrap application.
If the homeowner is able to perform the work themselves, the cost savings could be even
more pronounced. If the carbon fiber application does not need to be contracted out and can be
completed in-house without the cost of professional labor, which the design and process of the
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presented restoration technique accounts for and allows for, the cost associated with the
restoration of the glued laminated beam could be decreased to a point of ~65% cost savings (a
total cost of ~$1,156.85 for restoration without hired, professional installation labor). Because
the restoration technique showed to be a cost benefit, the research project was justified as a
feasible technique based on cost.
4.3.5.1.

Vectorlam

For the modeling of the various carbon fiber wraps, the software program Vectorlam and
the technical support provided by Vectorply were both utilized. Vectorply is a company that
deals with the design of various fiber composites. They provide the software program,
Vectorlam, that can be used to estimate strengths of various fiber wraps. With this software,
various numbers of carbon fiber plies can be applied to a beam, and the associated strengths can
be obtained. The wraps vary based on bond location along the beam, and angle of application.
The ability to combine tension faced unidirectional carbon fiber with angled carbon fiber
attached to the sides of the beam for shear support was beneficial. The layers of fiber were input
layer by layer and compared as needed. From the Vectorlam software, it was shown that three
plies of +/-/+ alternating 45˚ carbon fiber was enough to withstand the shear forces seen in the
glu-lam beam at the original max capacity. Figure 34 shows the strength relationship of carbon
fiber at various angles and thicknesses.
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(a)

(b)

(c)

Figure 34: Vectorlam Parametric Study (a) Ult. Shear Strength vs. Carbon Fiber Layers, (b) Shear Strength
vs. Carbon Fiber Angle, (c) Tensile Strength vs. Carbon Fiber Angle

As can be seen from Figure 34, carbon fiber at an angle of 45˚ obtains a shear strength double
that of 0˚ and 90˚. The angles were limited to feasible angles to achieve while applying the
carbon fiber in the field. The angles could have gotten more complex, but the chance of
accurately applying the fiber at the correct angle diminishes within increased complexity.
Once the 45˚ angle was chosen for the shear resistance, the number of plies was needed.
It was the idea of the project to make a cost-effective carbon fiber wrap. By alternating the 45˚
plies, the shear strength was optimized. Figure 34 shows the comparison of shear strength for
various numbers of alternating +/- 45˚ carbon fiber plies. From Figure 34, the optimal amount of
alternating +/- 45˚ carbon fiber shear plies were three. With a three-ply carbon fiber shear
resistance wrap in a “U” shape around the beam, the shear resistance was estimated to be greater
than the applied shear stress. The results presented in Figure 34 allowed continued progress on
the optimal carbon fiber restoration wrap, and narrowed the overall project focus on the optimal
composite wrap parameters.
Because the unidirectional carbon fiber used in the software was not the 2583
Unidirectional Carbon Fiber from Fibre Glast that was used in the glu-lam tests, there was a
calibration that was performed to gain an estimate of the shear stress that could be expected. The
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shear stress capacity for the C-L 0900 unidirectional carbon fiber from Vectorlam was 7,428 psi.
From the carbon fiber shear tests ran in the lab, the hand laid-up carbon fiber wrap had a shear
stress capacity of 5,400 psi. By way of a simple ratio, the resulting strength that was given from
the software for a specific wrap was reduced by an amount of 5,400/7,428 (0.73).
The remaining carbon fiber was used for the tensile reinforcement. From Vectorlam
research, it was shown that the greatest tensile strength could be gained from 0˚ unidirectional
fibers oriented lengthwise along the beam. Figure 34 shows the comparison in tensile strength
between 0˚, 45˚, and 90˚ fibers. Carbon fiber is very strong in tension when the forces are in-line
with the fibers.
4.3.6. Final Carbon Fiber Wrap
The final wrap orientation was a combination of information gained through the
preliminary glu-lam test, Vectorlam results, Vectorlam technical support collaboration, and
research. The shear reinforcement proved to be important in the preliminary beam test, and it
was shown that if the shear reinforcement was not adequate to transfer the load to the tensile
fibers, they would not be stressed to max capacity.
With the budget set for the cost analysis to make the restoration procedure worthwhile,
there was a balance to distribute the amount of material to both the flexural reinforcement and
shear reinforcement, all while trying to keep the overall cost of materials down. There was a total
of 300 ft. of carbon fiber available for the final wrap for the fire damaged glu-lam. After having
discussions with the technical support at Vectorlam and running simulation wraps based on the
ideas suggested by the technical support in the Vectorlam software, it was decided that utilizing
the flexibility of the carbon fiber wrap by placing an alternating +/-/+45˚ wrap along both side
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faces of the beam throughout the span length was the optimal use of material for the provided
support.
The alternating layers of +/- 45˚ fibers showed to be extremely strong in shear. According
to Vectorlam, three total layers of alternating +/-/+ 45˚ carbon fibers provided 27 ksi. of shear
resistance. This was the optimal number of plies for the shear stress estimated by the model (also
shown in Figure 34a). The shear strength comparison can be seen in Figure 35.

Figure 35: Vectorlam Shear Strength Comparison

Based on the results from Vectorlam, 3 plies of alternating +/- 45˚ carbon fiber was ideal for the
beam shear resistance. The 27 ksi. produced from the Vectorlam software needed calibration.
From the shear panel tests that were performed on the shear panels laid-up in this research, a
shear stress value of 5,355 psi was obtained. From Vectorlam, the shear stress of the same
5355

unidirectional fibers was 7,428 psi. By using a simple ration (7428), the 27 ksi. predicted by

Vectorlam was converted to 19.5 ksi. for the hand lay-up process used. In order to find the

allowable applied load that would produce 19.5 ksi. of shear stress, Equation 14 was used and
the shear force was solved for.
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Equation 14: Shear Stress

fv =
Where:

𝑉𝑉𝑉𝑉

(14)

𝐼𝐼𝐼𝐼

fv = shear stress (psi)
V = shear force in member (lbf)
Q = distance from the neutral axis to the middle of the
compression/tension block (in)
I = moment of inertia of member (in4)
B = member width (in)

[Sample Calculation for the Shear Load Imposed on the Wrapped Fire Damaged Glued Laminated Beam and
Carbon Fiber Wrap:

fv =

𝑉𝑉𝑉𝑉
𝐼𝐼𝐼𝐼

→ V=

𝑓𝑓𝑣𝑣 ∗𝐼𝐼∗𝐵𝐵
𝑄𝑄

=

19500 𝑙𝑙𝑙𝑙∗513.534 𝑖𝑖𝑖𝑖4 ∗4.63 𝑖𝑖𝑖𝑖
25.47 𝑖𝑖𝑖𝑖2 ∗ 2.75 𝑖𝑖𝑖𝑖

= 662,000 lbf]

From Equation 14, and the calibrated expected shear stress of the alternating +/-/+ 45˚ wrap, the
allowable load of the wrap was 662K. The resistance was much greater than the shear force
applied on the beam when loaded to its original capacity (see Shear and Moment Diagram:
Figure 12).
With more than enough theoretical shear stress provided, the tension faced wrap was
analyzed. With the use of three full span length shear plies, 60 feet of carbon fiber material was
used. A remaining 240 feet was available to be used along the tension face of the beam, or 65
unidirectional plies. According to Vectorlam, 65 plies should be able to provide around 4,000 lbf
of flexural load capacity. From the preliminary testing, the estimate for the flexural capacity of
the carbon fiber wrap provided by Vectorlam was shown to be very conservative. During the
preliminary glued laminated beam test, the load applied to the beam was around 17,000 lbf, and
Vectorlam estimated the capacity of 44 tension faced plies around 1,500 lbf. Because of that, for
the final wrapped fire damaged glu-lam test, the 65 plies were adequate with a hypothesis of it
achieving more capacity than the Vectorlam estimate.
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The moment diagram for the original, full capacity beam was looked at for an
advantageous option to reduce material without the expense of provided capacity. The moments
at the ends of the beam were analyzed. From the proof load test ran on the fire damaged glued
laminated beam, the residual capacity of the beam was known to be ~10,000 lbf. To save on
material, the tension fiber did not span the entire length from bearing to bearing. Instead, the
fibers were stopped an equal distance inwards from each bearing point. That point was located
using the moment diagram in Figure 36.

Figure 36: Original Glued Laminated Beam Moment Diagram with Max Capacity

The moment diagram in Figure 36 shows the points on the beam (4 inches inwards from the
bearing locations) that experienced an applied moment, associated with the max capacity load,
that was less than the residual capacity of the glued laminated beam. For the fire damaged beam,
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the carbon fibers were stopped a total of 17 inches (4 inches beyond the bearing locations)
inwards towards each end of the beam along the tension face. The distance of 17 inches was
calculated by the following process:
1. Total length of the fire damaged portion of the beam was 77 inches.
2. Depth of beam was 11 inches; half of the depth (5.5 inches) beyond each char boundary
on the tension face results in a total of 11 inches.
3. 77 inches of char + 11 inches of overlap = 88 inches of required carbon fiber.
4. 122 inches of total beam length – 88 inches of required carbon fiber length = 34 inches.
5. 34 inches / 2 ends of the beam = 17 inches of open beam along the tension face at each
end of the beam (4 inches of open beam along the tension face at each end from the
bearing locations (zero moment) in towards mid span).
6. Applied moment on beam, with max capacity load of 23,250 lbf, at 4 inches from the end
of the beam, is equal to 46,496 in*lbf. (Reference Figure 36)
7. Associated point load with a moment equal to 46,496 in*lb. caused by a single point load
at the mid span of a simply supported beam is equal to 1,938 lbf. (Reference Equation 6)
8. Residual capacity of the fire damaged glued laminated beam was ~10,000 lbf, which was
greater than the associated applied load of 1,938 lbf expected at 17 total inches in from
the ends of the beam.
9. The beam, theoretically, can withstand the applied load without the need of carbon fiber
reinforcement at 17 inches in from the ends of the beam.
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The shear reinforcement that was applied over the top of the tensile reinforcement continued to
the bearing points and covered the portion of the beam’s tension face that the tension
reinforcement did not (Kim & Harries, 2010) .
With the combination of both shear and flexural resistance, the wrap utilized the amount
of allocated material. The beam and wrap cured under the negative pressure for 23-24 hours,
which is more than sufficient to complete the curing process to the extent that the vacuum seal
can provide. The beam sat for a week in ambient temperature without any applied negative
pressure, and then was tested. The wrapped fire damaged beam just prior to being tested is
shown in Figure 37.

Figure 37: Wrapped Fire Damaged Beam Prior to Testing

In Figure 37, the 45˚ angled carbon fiber shear resistance can be seen along the side of the glued
laminated beam. The straps around the member were safety precautions taken that did not affect
the test results.
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5. Wrapped Fire Damaged Beam Test Results
The fire damaged glued laminated beam with the addition of the carbon fiber wrap test
was completed in the same overall fashion as the preliminary glu-lam testing. Cyclical tests in
groups of three began the testing, and then it moved to failure tests once the tabulated value
threshold was met. Based on the tabulated bending stress of 2,400 psi for a 24F-V8 DF/DF glulam beam provided in the NDS, the allowable load was 9,337 lbf. For the cyclical loading
portion of the test, the cycles were increased by a value of 2,500 lbf in groups of three, until
10,000 lbf was reached. Once the threshold of 10,000 lbf was met, the test turned to a “load to
max capacity” procedure.
Figure 38 shows all 12 tests, broken into four test rounds, performed on the wrapped fire
damaged glued laminated beam.

Figure 38: Wrapped Fire Damaged Beam Cyclical Test Rounds

Figure 38 is a graph that shows all 12 cycles of loading with respect to time. The 12 tests were
broken down into 4 rounds of increasing load. Each round had 3 load cycles. There were no
issues with de-bonding or slippage between the wood and the carbon fiber under 10,000 lbf of
applied load. The carbon fiber orientation (3ea. alternating 45˚ plies for shear and 65 plies of 0˚
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carbon fiber for tension) chosen showed no signs of deformation, cracking, or failure while being
loaded in a cyclical application.
It was very encouraging that through the cyclical testing the wrapped fire damaged beam
showed an increase in overall stiffness as the number of cycles increased. The entire set of
cyclical test data from the wrapped fire damaged test can be found in Figure A1, found in
Appendix A.
Figure 39 shows a comparison of the capacity of the fire damaged beam and the residual
capacity of the restored, wrapped fire damaged beam.

Figure 39: Total Wrapped Glued Laminated Beam Comparison

Figure 39 shows the results of using the carbon fiber wrap on the fire damaged beam. In the
figure, the graph depicted as (0) represents the original, undamaged glued laminated beam; the
graph depicted as (□) represents the wrapped fire damaged glued laminated beam; the graph
depicted as (Δ) represents the fire damaged glued laminated beam with no additional
reinforcement.
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The x-axis represents the deflection of the beam in inches (in.), and the y-axis represents
the applied load in pounds (lbf.). As can be seen, the wrapped increased both the beams stiffness
and the beam’s overall residual load capacity. The wrap increased the fire damaged beam’s MOE
by 140%, and increased the residual load capacity of the beam from 10,400 lbf to 17,000 lbf: an
increase of 6,600 lbf, which equates to an overall 60% increases in load capacity.
In order to justify keeping a fire damaged glued laminated member in service instead of
replacing it, the residual capacity of the beam must be equal to or greater than the design load for
that member. The original design load of the member would have incorporated the loading
environment and in-service requirements of the structural member. For the 24F-V8 DF/DF glued
laminated beam tested in this research, the NDS tabulated stress was 1,560 psi. That is the value
that would be used for the design and analysis of a new 24F-V8 DF/DF glu-lam. The max
bending stress associated with the original glued laminated beam was equal to 1,936 psi. The fire
damaged glued laminated beam had a max bending stress capacity of 1,470 psi. The wrapped fire
damaged glued laminated beam had a max bending stress equal to 1,748 psi. A comparison of
the bending stress capacities of the different glued laminated beams is shown in Table XI.
Table XI: Glued Laminated % MOR Comparison

Glued Laminated
Beam
NDS Design Glued
Laminated Beam
Original 24F-V8
DF/DF Glued
Laminated Beam
Fire Damaged 24F-V8
DF/DF Glued
Laminated Beam
Carbon Fiber Wrapped
Fire Damaged 24F-V8
DF/DF Glued
Laminated Beam

Bending Stress
Capacity, MOR
(psi)

% Comparison to NDS
Design Capacity

Factor of Safety

1560

100%

2.5

1936

124%

2.5

1470

94%

2.5

1748

112%

2.5
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Table XI shows the comparison in the flexural capacity between the NDS tabulated allowable
bending stress, the original undamaged glued laminated beam, and the carbon fiber wrapped fire
damaged glued laminated beam. The MOR values presented for both the original, undamaged
glu-lam and the wrapped fire damaged glu-lam beam both have a factor of safety applied equal
to 2.5. The results show the carbon fiber reinforcement restored the fire damaged glued
laminated beam to a point at which it could remain in-service. The fire damaged beam without
the carbon fiber reinforcement had a capacity that was 94% of the required minimum allowable
bending stress capacity. Without the reinforcement, the member would have required to be taken
out of service and replaced. With the reinforcement, the member was sufficient and could remain
in-service.
The modulus of rupture of the fire damaged beam was increased by 18% from the fire
damaged beam. Without the carbon fiber wrap, the beam would have required replacement.
Figure 40 shows a full comparison of the glued laminated beams tested. The NDS allowable
design MOR is presented with a break line representing the point at which the structural member
requires replacement or it can remain in service.
A: NDS Tabulated Value

A

B: Original Beam

B

C: Fire Damaged Beam

C

D: Carbon Fiber Restored Beam

D

Figure 40: Carbon Fiber Wrapped Fire Damaged Glued Lamianteed Beam Comparison
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In Figure 40, (A) represents the NDS factored tabulated stress based MOR for the 24F-V8
DF/DF glued laminated beam; (B) represents the original, undamaged glued laminated beam’s
tested MOR; (C) represents the fire damaged glued laminated beam’s tested MOR; (D)
represents the wrapped fire damaged glued laminated beam tested MOR. Once the wrapped fire
damaged beam failed, the residual capacity decreased significantly, but in an overall ductile,
drawn out manner. There was considerable delamination and signs the beam was failing.
The modulus of elasticity of the original glued laminated beam, the fire damaged glued
laminated beam, and the wrapped fire damaged glued laminated beam were compared. The three
MOE values were from the 20-40% max load range, and were compared based on the 100%
MOE of the original, undamaged glued laminated beam. Figure 41 shows a comparison of the
MOE results for the three beam tests.

Figure 41: Glu-lam MOE Comparison

Figure 41 shows a comparison of the MOE results of the three glued laminated beams all
based on the 100% capacity of the original, undamaged glued laminated beam. The fire damaged
glued laminated beam, post fire damage, had a MOE that was 75% of the original glued
laminated beams MOE. After the carbon fiber reinforcement was added to the fire damaged
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beam, the total beam MOE increased to a level that was 89% greater than that of the original,
undamaged beam.
As it can be seen, the carbon fiber wrap increased the overall stiffness of the fire
damaged beam to a level greater than that of the original undamaged beam. Because of how the
Forest Products Laboratory measures and compares the MOE of wood beams, the MOE of the
wrapped fire damaged beam was an increase of 89% from the original glu-lam beam’s. By taking
the 20-40% percentile of the applied load values, the MOE of the wrapped fire damaged beam
and the MOE of the original undamaged glued laminated beam are compared in Figure 42.

Original Beam: Black
CF Wrapped Beam: Orange

Figure 42: 20-40% Wrapped Fired Damaged Beam vs. Original Glued Laminated Beam

The MOE of the wrapped fire damaged beam surpassed that of the original glu-lam beam by
89%, which was a success for the carbon fiber wrap. The residual capacity of the carbon fiber
wrapped fire damaged beam was brought within 6,200 lbf, or 73% of the original glued
laminated beam’s capacity.
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The wrapped beam failed by way of de-bonding between the wood fiber surface and the
carbon fiber wrap surface. Figure 43 shows the de-bonding that occurred between the carbon
fiber and the wood.

Figure 43: Wrapped Fire Damaged Beam Failure

As can been seen in Figure 43, the carbon fiber started to break away from the wood at the top of
the beam, which provided a path of failure for the beam. Once the carbon fiber was no longer
bonded to the beam, the applied load was transferred into the wood fibers and a major break
through the middle of the beam occurred. The break can also be seen in Figure 43. It was located
directly underneath the location of applied load. It was the location in the beam that had the
greatest amount of compressive stress.
The carbon fiber wrap had low amounts of deterioration post testing. There were no signs
of cracking or failure in the wrap, which proves that it was a failure due to de-bonding. The
carbon fiber wrap was designed assuming a perfect bond between the charred wood and the
carbon fiber wrap. The bond was known to be less than perfect, but for modeling and calculating
purposes the bond was assumed ideal. The carbon fiber wrap itself was not damaged and in a
state in which it still obtained its strength properties.
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To summarize and show the results presented in this research were acceptable, the load
deflection relationships of all the tested glued laminated beams were compared in Figure 44.

Figure 44: Glued Laminated Beam Adequacy Region

Figure 44 shows a load vs. deflection graph that incorporates the NDS design value, the
maximum and minimum factor of safety values, the original glued laminated beam, the fire
damaged glued laminated beam, and the carbon fiber wrapped fire damaged glued laminated
beam. The tested beam results were compared to the NDS value, and the maximum and
minimum factors of safety accepted in wood analysis and design. Also shown in Figure 44 is the
highlighted region in which an adequate glued laminated beam’s load vs. deflection relationship
would be located. The load capacity of the glued laminated beam needs to be greater than the
minimum accepted factor of safety, which is equal to 1.25. The adequacy region is shown
expanded from 1.25 times the NDS value to 5 times the NDS value. Not only must the beam
have adequate load capacity, it has to be able to meet deflection criteria, which is represented by
the modulus of elasticity, and is why the adequacy region is shown with the angle is has in
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Figure 44. The linear elastic region of the glued laminated beam has to be similar to that of the
NDS graph.
As shown in Figure 44, the fire damaged glued laminated beam is outside of the
adequacy region, but after the application of the carbon fiber wrap the beam entered the
adequacy region. The highlighted adequacy region in Figure 44 is not a calculated, catch all
representation. Rather, the adequacy region is meant to highlight the area the beam’s loaddeflection relationship should be, and show how the linear elastic region of the beam must meet
or exceed that of the NDS graph and the load capacity must be within the acceptable factors of
safety.
The results of this experiment show the influence of the carbon fiber-wood bond when
trying to increase the residual capacity. The strength and stiffness of the carbon fiber wrapped,
restore glued laminated beam was shown to both be increased to an acceptable capacity. Wood is
typically governed by strength, not stiffness. Because of this, the modulus of rupture governs
over the modulus of elasticity.
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6. Project Culmination and Conclusions
In the wake of a structural fire event, structural inspections are performed. This is done to
determine whether individual members can remain as is, if they need to be repaired, or if they
require total replacement. This research explored fire damage and glued laminated beam
restoration. A technique was incorporated using an external carbon fiber wrap to restore the
capacity of fire damaged members, previously loaded to failure.
The hand lay-up procedure used in this lab to constructed the carbon fiber reinforcement
wrap is a feasible method to keep members in service that would otherwise be replaced.
Accessibility is key when restoration is considered (Radford, Van Goethem, Gutkowski, &
Peterson, 2002). It was a goal of this research that the restoration technique and process be
accessible to the home-owner for application.
Along with the cost benefit, wrapping fire damaged glued laminated beams shows that
the carbon fiber wrap is a feasible restoration technique. Carbon fiber wrap increases the strength
(modulus of rupture) of the fire damaged glued laminated beam, and returns an overall factor of
safety equal to 2.5. Carbon fiber wrap also increases the stiffness (modulus of elasticity) of the
fire damaged beam to perform as if an original, undamaged glued laminated beam based on
measured and NDS tabulated values. This was an important result because it showed the beam
behaves similarly to other comparable beams when in service.
Easily employable results were found through this research with three ea., alternating 45˚
carbon fiber wrap plies along both sides of the compromised glued laminated beam, and 65 ea.,
0˚ unidirectional wrap plies along the tension face of the beam. The shear support provided by
the alternating 45˚ carbon fiber plies proved to be adequate to keep the cross-section of the glued
laminated beam acting as a composite cross-section.
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The wrap was vetted using computer modeling technical support provided by the carbon
fiber software manufacturer. The models were calibrated within 10% of the measured data
readings, and used in part with the Vectorlam technical support to construct the optimal carbon
fiber wrap used in the wrapped fire damaged glued laminated beam test. This research project
demonstrated that the restoration technique can be cost effective relative to replacing fire
damaged members.re damaged member.
A ductile failure can still be achieved even with carbon fiber wrapping as evidenced
through this research. There was no visual damaged to the carbon fiber post failure, which
eluded to the fact that the wrap orientation used in the research was adequate. The external
carbon fiber reinforcement wrap and application method were adequate for the wrapped fire
damaged glued laminated beam, and provided an acceptable amount of residual capacity
exceeding that of the NDS factored design tabulated bending stress. The methodology presented
in this research justifies the restoration technique for fire damaged beams previously loaded to
failure that would otherwise be replaced.

6.1.

Recommendations

Additional beams should be studied over a greater range of species, grades, and
dimensions for the restoration technique to be implemented into everyday inspections. To justify
the wood beam test results, the test sample size needs to be on the order of 100 members or more
tested (Breyer, Cobeen, Fridley, & Pollock, 2015). If statistical analysis is applied, and the
members can be grouped and analyzed together, the required number of beams tested could be
reduced. Large cohorts may produce more sufficient results that lead to this technique becoming
a readily accepted restoration method. Similarly, a quality control plan for applying the carbon
fiber wrap using a hand lay-up process and angled carbon fiber orientations is needed (Schober,
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et al., 2015). It will lead to further repeatable results and a wider application for the restoration
technique. Hence, the methods and techniques can gain industry wide acceptance and benefit the
public’s safety and welfare.
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9. Appendix A
Figure A1 shows the cyclical test data recorded from the carbon fiber wrapped fire
damaged glued laminated beam. It shows how the wrapped beam reacted to an initial cyclical,
incremental applied load. Cycle 11 shows the highest MOE reached in the cyclical test cycles.
Cycle

Max Load (lbf)

Load/Deflection

20-40% MOE (psi)

1

2,637

N/A

N/A

2

2,573

34,153

1,225,811

3

2,637

34,240

1,228,934

4

5,009

45,549

1,634,833

5

5,032

49,116

1,762,859

6

5,043

46,100

1,654,610

7

7,605

52,547

1,886,004

8

7,533

54,302

1,948,994

9

7,563

54,339

1,950,322

10

10,022

59,361

2,130,570

11

10,276

60,586

2,174,538

12

10,196

60,114

2,157,597

Figure A 1: Wrapped Fire Damaged Cyclical Test Data
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Figure A2 shows a sketch of the glued laminated beam with all the observed delamination’s and
cracks outlined. The cracks were measured and recorded during the proof load tests. While there
was an applied load, the cracks and delamination’s were visible.

Figure A 2: Measured Glued Laminated Cracks

Figure A2 shows the front, back, bottom, and sides of the beam. The major delamination’s and
cracks were highlighted and marked on the sketch. The delamination’s and cracks were drawn to
scale.
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Figure A3 shows a hand sketch of the preliminary glued laminated carbon fiber wrap orientation.

Figure A 3: Preliminary Glued Laminated Test Wrap Sketch

